Emissions From Concentrated Animal Feeding Operations During Wet and Dry Periods in the Southeastern United States by Winchester, Jesse N. F.
Western Kentucky University
TopSCHOLAR®
Masters Theses & Specialist Projects Graduate School
5-2015
Emissions From Concentrated Animal Feeding
Operations During Wet and Dry Periods in the
Southeastern United States
Jesse N. F. Winchester
Western Kentucky University, jesse.winchester158@topper.wku.edu
Follow this and additional works at: http://digitalcommons.wku.edu/theses
Part of the Environmental Studies Commons, and the Physical and Environmental Geography
Commons
This Thesis is brought to you for free and open access by TopSCHOLAR®. It has been accepted for inclusion in Masters Theses & Specialist Projects by
an authorized administrator of TopSCHOLAR®. For more information, please contact connie.foster@wku.edu.
Recommended Citation
Winchester, Jesse N. F., "Emissions From Concentrated Animal Feeding Operations During Wet and Dry Periods in the Southeastern
United States" (2015). Masters Theses & Specialist Projects. Paper 1451.
http://digitalcommons.wku.edu/theses/1451
  
 
 
 
 
 
EMISSIONS FROM CONCENTRATED ANIMAL FEEDING OPERATIONS 
DURING WET AND DRY PERIODS IN THE SOUTHEASTERN UNITED STATES 
 
 
 
 
 
 
 
 
A Thesis 
Presented to  
The Graduate Faculty of the Department of Geography and Geology 
Western Kentucky University 
Bowling Green, Kentucky 
 
 
 
 
 
 
 
 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
 
 
 
 
 
By  
Jesse N. F. Winchester 
 
 
May 2015 
 
 
 

 iii 
ACKNOWLEDGEMENTS 
 
 I give many thanks to my advisor, Dr. Rezaul Mahmood, for his guidance in 
establishing this research topic, finding relevant literature, and thesis writing revisions.  
His assistance with entry into the graduate school, acquiring funding, and mapping my 
graduate career is greatly appreciated.  I am also grateful for the suggestions from my 
other thesis committee members, Dr. Stuart Foster and Dr. Josh Durkee, on research and 
modeling considerations.  Additionally, Dr. Gregory Goodrich’s feedback on the 
literature review and proposal writing and Dr. Jason Polk’s comments on the 
methodology were extremely helpful. 
 William Rodgers in the Climate Research Lab has been a tremendous help 
throughout the entire research progress, especially with instructing me how to use and 
helping to debug the WRF-Chem model.  I thank him for his patience and willingness to 
assist me in my modeling endeavors.  Dr. Eric Rappin and Tyler Binkley also deserve 
gratitude for their feedback in running simulations.  I would like to thank Dr. David 
Keeling for his efforts in securing funding, Wendy DeCroix for her help with paperwork 
and forms, and the Graduate School staff at Western Kentucky University for their 
assistance during my college career.  Finally, I thank my parents, Nathan and Kathy 
Winchester, for their love and support. 
 
 
 
 
 iv 
TABLE OF CONTENTS 
List of Tables ....................................................................................................................v 
List of Figures ................................................................................................................ vii 
Abstract ...........................................................................................................................xv 
1. Introduction ...................................................................................................................1 
2. Background ...................................................................................................................4  
2.1. Concentrated Animal Feeding Operations (CAFOs) ...........................................4  
2.2. Various Emissions and Sources ........................................................................... 6 
2.2.1. Sulfur Compounds and Sulfur Dioxide....................................................... 6 
2.2.2. Methane....................................................................................................... 7 
2.2.3. Nitrous Oxide .............................................................................................. 8 
2.2.4. Nitrogen Oxides and Carbon Monoxide ..................................................... 9 
2.2.5. Ammonia..................................................................................................... 9 
2.3. Atmospheric Concentrations and Surface Characteristics ................................... 9 
2.3.1. Surface and Atmospheric Variables............................................................ 9 
2.3.2. Chemical Interactions ............................................................................... 10 
2.4. Air Quality Models ............................................................................................ 11 
2.5. Global Studies .................................................................................................... 13 
2.6. Regional Studies ................................................................................................ 14 
2.7. Local Studies ...................................................................................................... 14 
3. Methodology ............................................................................................................... 16 
3.1. Study Area ......................................................................................................... 16 
3.2. Event Selection .................................................................................................. 19 
3.3. Data .................................................................................................................... 20 
3.4. Data and Domain Preprocessing ........................................................................ 21 
3.5. Physics and Chemistry Options and Simulation ................................................ 22 
3.6. Output Graphics and Statistics ........................................................................... 25 
4. Results ......................................................................................................................... 26 
4.1. Observed Synoptic Conditions .......................................................................... 26 
4.2. Results from the Control (CTRL) Simulation ................................................... 27 
4.3. Control Simulation Precipitation Verification ................................................... 35 
4.4. Control Simulation of SO2 ................................................................................. 36 
4.5. Results from Sensitivity Experiments ................................................................ 46 
4.6. Experimental Simulation SO2 Spatial Ranges ................................................... 60 
5. Conclusions ................................................................................................................. 64 
6. References ................................................................................................................... 67 
7. Appendix ..................................................................................................................... 74 
  
 
 
 
 
 v 
LIST OF TABLES 
Table 2.1. CAFO size thresholds (number of animals) for various animal species and 
operation types ….. ...........................................................................................................5 
 
Table 2.2. The range of simulated SO2 concentrations found in various air quality studies 
...........................................................................................................................................7 
 
Table 2.3. Air quality studies performed using various versions of the WRF-Chem 
model.  …........................................................................................................................13 
 
Table 3.1. Observed precipitation amounts over the inner domain and western Kentucky 
areas for each of the selected events as derived from the AHPS daily precipitation maps
.........................................................................................................................................20 
 
Table 3.2. Schemes used for a number of parameters in the WRF-Chem simulations ..24 
 
Appendix: Table 1. Precipitation, temperature, and PBL height area averages for the 
inner domain ...................................................................................................................81 
 
Appendix: Table 2. Precipitation, temperature, and PBL height area averages for the 
vicinity of the CAFO emission locations ........................................................................81 
 
Appendix: Table 3. July 2012 event wind speed at different levels over the inner        
domain ............................................................................................................................82 
 
Appendix: Table 4. July 2012 event wind speed at different levels over the vicinity of 
the CAFO emission locations .........................................................................................82 
 
Appendix: Table 5. July 2012 event SO2 concentrations at different levels over the inner 
domain.............................................................................................................................83 
 
Appendix: Table 6. July 2012 event SO2 concentrations at different levels over the 
vicinity of the CAFO emission locations ........................................................................83 
 
Appendix: Table 7. July 2012 event area averages of surface SO2 concentrations for all 
simulations over the inner domain ................................................................................104 
 
Appendix: Table 8. July 2012 event area averages of surface SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations ....................................104 
 
Appendix: Table 9. July 2012 event area averages of 850 mb SO2 concentrations for all 
simulations over the inner domain ................................................................................105 
 
Appendix: Table 10. July 2012 event area averages of 850 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations ....................................105 
 vi 
Appendix: Table 11. July 2012 event area averages of 700 mb SO2 concentrations for all 
simulations over the inner domain ................................................................................106 
 
Appendix: Table 12. July 2012 event area averages of 700 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations ....................................106 
 
Appendix: Table 13. July 2012 event area averages of 500 mb SO2 concentrations for all 
simulations over the inner domain ................................................................................107 
 
Appendix: Table 14. July 2012 event area averages of 500 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations ....................................107 
 
Appendix: Table 15. July 2012 event area averages of 300 mb SO2 concentrations for all 
simulations over the inner domain ................................................................................108 
 
Appendix: Table 16. July 2012 event area averages of 300 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations ....................................108 
 
Appendix: Table 17. The area (km2) of the inner domain with SO2 concentrations 
exceeding 100 pptv above CTRL at the surface in all EXP simulations ......................129 
 
Appendix: Table 18. The area (km2) of the inner domain with SO2 concentrations 
exceeding 100 pptv above CTRL at the 850 mb level in all EXP simulations .............129 
 
Appendix: Table 19. The area (km2) in the vicinity of the CAFO emission locations with 
SO2 concentrations exceeding 100 pptv above CTRL at the surface in all EXP 
simulations ....................................................................................................................130 
 
Appendix: Table 20. The area (km2) in the vicinity of the CAFO emission locations with 
SO2 concentrations exceeding 100 pptv above CTRL at the 850 mb level in all EXP 
simulations ....................................................................................................................130 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii 
LIST OF FIGURES 
Figure 1.1. Approximate outlines of the domains in which the sensitivity simulations 
were conducted.  Emission sources are labeled points within the inner domain. ............. 3 
 
Figure 3.1. Approximate outlines of the outer domain (larger box), and inner domain 
(smaller box) in which the sensitivity simulations were conducted. .............................. 17 
 
Figure 3.2. The distributions of (a) hogs and pigs and (b) chickens sold in 1997 ......... 17 
. 
Figure 3.3. The locations at which emissions near CAFOs in western Kentucky were 
changed during the sensitivity simulations. .................................................................... 18 
 
Figure 3.4. Daily precipitation map for the southeastern U.S. during the 24 hours ending 
at 1200 UTC on July 9, 2012 . ........................................................................................ 19 
 
Figure 3.5. Flowchart of data and domain preprocessing in WPS, with the initial files in 
yellow, functions in red, static tables and files in white, intermediate files in blue, and 
fully-processed files in green. ......................................................................................... 22 
 
Figure 3.6. Flowchart of the creation of WRF-Chem input files and subsequent 
simulation, with the initial files in yellow, functions in red, static tables and files in white, 
intermediate files in blue, and fully-processed files in green. ........................................ 24 
 
Figure 3.7. Flowchart of processing, creating graphics, and performing statistics on the 
model output, with the initial files in yellow, functions in red, static tables and files in 
white, intermediate files in blue, and fully-processed files in green. ............................. 25 
 
Figure 4.2.1. Simulated area-average accumulated precipitation (mm) during the July 7-
13, 2012, event for (a) the inner domain and (b) the vicinity of the CAFO emission 
points.  Dates represent 0000 UTC. ................................................................................ 28 
 
Figure 4.2.2. Inner domain accumulated precipitation (mm) starting at 0000 UTC on July 
7, 2012............................................................................................................................. 29 
 
Figure 4.2.3. Area-averaged 1-hour precipitation totals (mm) during the July 7-13, 2012, 
event for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. ....................................................................................................... 30 
 
Figure 4.2.4. Inner domain 12-hour precipitation totals (mm) for the July 7-13, 2012, 
event. ............................................................................................................................... 31 
 
Figure 4.2.5. Area-averaged 2-meter temperature (°C) during the July 7-13, 2012, event 
for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. ....................................................................................................... 32 
 
 viii 
Figure 4.2.6. Area-averaged planetary boundary layer height (m) during the July 7-13, 
2012, event for (a) the inner domain and (b) the vicinity of the CAFO emission         
points.  Dates represent 0000 UTC. ................................................................................ 33 
 
Figure 4.2.7. Inner domain planetary boundary layer height (m) for the July 7-13, 2012, 
event. ............................................................................................................................... 34 
 
Figure 4.4.1. Area-averaged horizontal wind speed (m s-1) during the July 7-13, 2012, 
event for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. ....................................................................................................... 37 
 
Figure 4.4.2. Area-averaged SO2 concentrations (pptv) during the July 7-13, 2012, event 
for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. ....................................................................................................... 37 
 
Figure 4.4.3. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 8, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.4.4. ............................................................................. 40 
 
Figure 4.4.4. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.3. ................................................................................ 41 
 
Figure 4.4.5. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 9, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.4.6. ............................................................................. 42 
 
Figure 4.4.6. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.5. ................................................................................ 43 
 
Figure 4.4.7. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 12, 2012.  The areas enclosed 
by box (b) are expanded in Figure 4.4.8. ........................................................................ 44 
 
Figure 4.4.8. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.7. ................................................................................ 45 
  
Figure 4.5.1. Area-averaged SO2 concentrations (pptv) at the surface for the emissions 
change simulations during the July 7-13, 2012, event over (a) the inner domain and (b) 
the vicinity of the CAFO emission points.  Dates represent 0000 UTC. ........................ 47 
 
Figure 4.5.2. Area-averaged SO2 concentrations (pptv) at the 850 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. ........... 48 
  
 ix 
Figure 4.5.3. Area-averaged SO2 concentrations (pptv) at the 700 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. ........... 48 
 
Figure 4.5.4. Area-averaged SO2 concentrations (pptv) at the 500 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. ........... 48 
 
Figure 4.5.5. Area-averaged SO2 concentrations (pptv) at the 300 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. ........... 49 
 
Figure 4.5.6. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 8, 2012.  The areas enclosed by box 
(b) are expanded in Figure 4.5.7. .................................................................................... 51 
 
Figure 4.5.7. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.6. ....... 52 
 
Figure 4.5.8. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 9, 2012.  The areas enclosed by box 
(b) are expanded in Figure 4.5.9. .................................................................................... 53 
 
Figure 4.5.9. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.8. ....... 54 
 
Figure 4.5.10. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 12, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.5.11. ........................................................................... 58 
 
Figure 4.5.11. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.10. ..... 59 
 
Figure 4.6.1. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the surface throughout the period in all EXP simulations (colored 
lines) and the area-averaged hourly precipitation for the inner domain in CTRL (blue 
bars).  Dates represent 0000 UTC. .................................................................................. 62 
 
Figure 4.6.2. The area (km2) of box B in the vicinity of the CAFO emission locations 
with SO2 concentrations exceeding 100 pptv above CTRL at the surface throughout the 
period in all EXP simulations (colored lines) and the area-averaged hourly precipitation 
for box B in CTRL (blue bars).  Dates represent 0000 UTC. ......................................... 62 
 
 x 
Figure 4.6.3. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the 850 mb level throughout the period in all EXP simulations 
(colored lines) and the area-averaged hourly precipitation for the inner domain in CTRL 
(blue bars).  Dates represent 0000 UTC. ......................................................................... 63 
 
Figure 4.6.4. The area (km2) of box B in the vicinity of the CAFO emission locations 
with SO2 concentrations exceeding 100 pptv above CTRL at the 850 mb level throughout 
the period in all EXP simulations (colored lines) and the area-averaged hourly 
precipitation for box (b) in CTRL (blue bars).  Dates represent 0000 UTC. .................. 63 
 
Appendix: Figure 1. Daily surface maps for the July 7-13, 2012, event.  .................... 74 
 
Appendix: Figure 2. Daily accumulated precipitation during the July 7-13, 2012, event
......................................................................................................................................... 75 
 
Appendix: Figure 3. Radar imagery for the inner domain during the July 7-13, 2012, 
event. ............................................................................................................................... 76 
 
Appendix: Figure 4. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 7, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 77 
 
Appendix: Figure 5. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 8, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 77 
 
Appendix: Figure 6. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 9, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 78 
 
Appendix: Figure 7. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 10, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 78 
 
Appendix: Figure 8. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 11, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 79 
 
Appendix: Figure 9. 24-hour accumulated precipitation (mm) over the core of the inner 
domain starting at 1200 UTC on July 12, 2012, (a) from Doppler radar estimates by the 
AHPS (2012), and (b) from the WRF-Chem control simulation. ................................... 79 
 
Appendix: Figure 10. Inner domain 2-meter temperature (°C) for the July 7-13, 2012, 
event. ............................................................................................................................... 80 
 
 xi 
Appendix: Figure 11. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 8, 2012.  The areas 
enclosed by box (b) are expanded in Figure 12. ............................................................. 84 
 
Appendix: Figure 12. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 11. ..................................................................... 85 
 
Appendix: Figure 13. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 9, 2012.  The areas 
enclosed by box (b) are expanded in Figure 14. ............................................................. 86 
 
Appendix: Figure 14. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 13. ..................................................................... 87 
 
Appendix: Figure 15. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 10, 2012.  The areas 
enclosed by box (b) are expanded in Figure 16. ............................................................. 88 
 
Appendix: Figure 16. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 15. ..................................................................... 89 
 
Appendix: Figure 17. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 1200 UTC on July 10, 2012.  The areas 
enclosed by box (b) are expanded in Figure 18. ............................................................. 90 
 
Appendix: Figure 18. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 17. ..................................................................... 91 
 
Appendix: Figure 19. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 11, 2012.  The areas 
enclosed by box (b) are expanded in Figure 20. ............................................................. 92 
 
Appendix: Figure 20. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 19. ..................................................................... 93 
 
Appendix: Figure 21. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 1200 UTC on July 11, 2012.  The areas 
enclosed by box (b) are expanded in Figure 22. ............................................................. 94 
 
Appendix: Figure 22. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box B from Figure 21. ....................................................................... 95 
 
Appendix: Figure 23. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 12, 2012.  The areas 
enclosed by box (b) are expanded in Figure 24. ............................................................. 96 
 
 xii 
Appendix: Figure 24. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 23. ..................................................................... 97 
 
Appendix: Figure 25. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 13, 2012.  The areas 
enclosed by box (b) are expanded in Figure 26. ............................................................. 98 
 
Appendix: Figure 26. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 25. ..................................................................... 99 
 
Appendix: Figure 27. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 1200 UTC on July 13, 2012.  The areas 
enclosed by box (b) are expanded in Figure 28. ........................................................... 100 
 
Appendix: Figure 28. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 27. ................................................................... 101 
 
Appendix: Figure 29. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in the inner domain in CTRL at 0000 UTC on July 14, 2012.  The areas 
enclosed by box (b) are expanded in Figure 30. ........................................................... 102 
 
Appendix: Figure 30. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for 
different levels in box (b) from Figure 29. ................................................................... 103 
 
Appendix: Figure 31. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 8, 2012.  The areas enclosed by 
box (b) are expanded in Figure 32. ............................................................................... 109 
 
Appendix: Figure 32. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 31. 110 
 
Appendix: Figure 33. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 9, 2012.  The areas enclosed by 
box (b) are expanded in Figure 34. ............................................................................... 111 
 
Appendix: Figure 34. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box B from Figure 33. .. 112 
 
Appendix: Figure 35. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 10, 2012.  The areas enclosed by 
box (b) are expanded in Figure 36. ............................................................................... 113 
 
 xiii 
Appendix: Figure 36. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 35. 114 
 
Appendix: Figure 37. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 1200 UTC on July 10, 2012.  The areas enclosed by 
box (b) are expanded in Figure 38. ............................................................................... 115 
 
Appendix: Figure 38. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 37. 116 
 
Appendix: Figure 39. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 11, 2012.  The areas enclosed by 
box (b) are expanded in Figure 40. ............................................................................... 117 
 
Appendix: Figure 40. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 39. 118 
 
Appendix: Figure 41. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 1200 UTC on July 11, 2012.  The areas enclosed by 
box (b) are expanded in Figure 42. ............................................................................... 119 
 
Appendix: Figure 42. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 41. 120 
 
Appendix: Figure 43. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 12, 2012.  The areas enclosed by 
box (b) are expanded in Figure 44. ............................................................................... 121 
 
Appendix: Figure 44. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 43. 122 
 
Appendix: Figure 45. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 13, 2012.  The areas enclosed by 
box (b) are expanded in Figure 46. ............................................................................... 123 
 
Appendix: Figure 46. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 45. 124 
 
 
 
 xiv 
Appendix: Figure 47. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 1200 UTC on July 13, 2012.  The areas enclosed by 
box (b) are expanded in Figure 48. ............................................................................... 125 
 
Appendix: Figure 48. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 47. 126 
 
Appendix: Figure 49. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of 
the emissions increase simulations at 0000 UTC on July 14, 2012.  The areas enclosed by 
box (b) are expanded in Figure 50. ............................................................................... 127 
 
Appendix: Figure 50. Changes in SO2 concentrations (pptv) from CTRL and horizontal 
wind vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 49. 128 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xv 
EMISSIONS FROM CONCENTRATED ANIMAL FEEDING OPERATIONS 
DURING WET AND DRY PERIODS IN THE SOUTHEASTERN UNITED STATES 
 
Jesse N. F. Winchester           May 2015                                        130 pages 
Directed by:  Rezaul Mahmood, Stuart Foster, and Josh Durkee 
Department of Geography and Geology   Western Kentucky University 
 Air quality modeling is a recent development in atmospheric science dedicated to 
simulating the characteristics of surface emissions within the context of a variety of 
meteorological conditions.  In western Kentucky, there are several concentrated animal 
feeding operations (CAFOs) that emit a variety of gases, including sulfur dioxide (SO2).  
The hypothesis was that the concentration and spread of SO2 emissions from these 
sources would differ between wet and dry periods over the CAFO locations.  In this 
thesis, point emissions from locations representing CAFOs in western Kentucky and the 
transit of SO2 throughout the southeastern U.S. were simulated in multiple sensitivity 
experiments using the Weather Research and Forecasting model with Chemistry (WRF-
Chem).  Simulations were performed for the convective precipitation events that occurred 
over western Kentucky between July 7 and July 13, 2012. 
 The spatial coverage of SO2 emissions originating from the locations was reduced 
during precipitation events and expanded during dry periods.  The average concentration 
of SO2 over the study area was also higher during the breaks between precipitation events 
than during times when precipitation was occurring.  The highest concentrations of SO2 
exceeding 1,000 pptv remained within close range of the emission locations for the 
majority of the simulations, except for when local surface winds were blowing at higher 
speeds.  Most emissions from the locations remained limited to the surface and 850 mb 
levels.
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Chapter 1 
Introduction 
 
 Air pollution (composed of various chemical compounds, among others) can be 
hazardous to the health of flora and fauna (Pope III et al., 1991; Sigurdarson and Kline, 
2006).  Changes in concentrations of greenhouse gases including carbon dioxide (CO2), 
nitrous oxide (N2O), and methane (CH4) can modify global atmospheric temperature and 
precipitation patterns (Rodhe, 1990).  Greenhouse gases and other pollutants such as 
sulfur dioxide (SO2) are emitted from a wide variety of natural and anthropogenic 
sources.  Natural sources include vegetation and water bodies, and anthropogenic sources 
include agricultural operations, industry, transportation networks, and cities (Cicerone 
and Oremland, 1988; Mosier et al., 1998; Kleinman et al., 2002; Battye et al., 2003).   
 Several methods have been employed to measure or derive emission types and 
concentrations from both point and areal sources (Bunton et al., 2007).  Subsequently, 
computer models have been developed based on known relationships among weather and 
climate variables and various chemical emissions to simulate air quality-atmosphere 
interactions for various spatial and temporal scales.  In the last decade, the National 
Center for Atmospheric Research (NCAR) has developed the Weather Research and 
Forecasting Model with Chemistry (WRF-Chem), a versatile and sophisticated simulation 
tool incorporating a multitude of atmospheric, physical, and chemical processes for 
applications across a wide range of spatial and temporal scales (Grell et al., 2005).  The 
model is capable of incorporating data from a variety of sources and formats, and can 
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perform simulations for emissions specified by the user in order to evaluate sensitivity 
experiments. 
 Using air quality models, several types of studies have been conducted at different 
scales, time periods, and in various regions.  These studies include global-scale 
simulations of greenhouse gas concentrations, regional-scale simulations of surface 
emissions and transport (Jiang et al., 2010), and smaller-scale urban emission studies 
focused on temporal persistence and effects on the surrounding area (Kleinman et al., 
2002; Tie et al., 2007; Karl et al., 2009; Jiang et al., 2008).  Compared to these studies, a 
limited number have focused on anthropogenic emissions from rural and agricultural 
environments and, in particular, from concentrated animal feeding operations (CAFOs) 
(Quintanar et al., 2013; Loughrin et al., 2011). These studies showed that the impacts of 
CAFOs on air quality and atmospheric characteristics warrant attention due to the 
population that inhabits rural areas near these operations. 
 CAFOs are sources of SO2, CH4, hydrogen sulfide (H2S), and ammonia (NH3) 
(Bunton et al., 2007).  Of these, this thesis focuses on the spatial and temporal patterns of 
transport and dispersion of simulated SO2 emissions across a portion of the southeastern 
U.S. from three point sources representing CAFOs in western Kentucky near Bandana, 
Cunningham, and Boxville (Figure 1.1).  We have selected SO2 because it is part of a 
larger study.  These emissions were modeled in the context of periodic convective 
precipitation persisting through the week of July 7-13, 2012 over the study area.  
Precipitation can react with SO2 to produce sulfuric acid (H2SO4), a component of acid 
rain at high SO2 concentrations (Menz and Seip, 2004).  Hence, this study hypothesizes 
that the presence of precipitation over the emission locations would result in changes to 
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atmospheric concentration of SO2 in their vicinity.  In addition, the geographic dispersion 
of emissions was expected to change during precipitation in comparison to drier 
conditions.  
 
Figure 1.1. Approximate outlines of the domains in which the sensitivity simulations 
were conducted.  Emission sources are labeled points within the inner domain. 
 
  
 The results of this research should help to provide insight into the short-term 
properties of CAFO emissions and the areas they may affect.  This may also provide a 
framework within which other CAFO emission studies at a similar scale can be 
performed in other locations.  This thesis provides a literature review, brief assessment of 
the research questions, and methodology of the research project, followed by the results 
of the simulations. Components of the methodology include descriptions of the extent of 
the study area, event selection process, data and variables, modeling process, and 
analysis.  This concludes with a summary of the overall findings as well as statements 
explaining the significance and justification of the selected research topic.   
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Chapter 2 
Background 
 
2.1. Concentrated Animal Feeding Operations (CAFOs) 
 Animal feeding operations (AFOs) are defined by the U.S. Environmental 
Protection Agency (EPA, 2014, 1) as “agricultural enterprises where animals are kept and 
raised in confined situations.” To qualify as an AFO, an operation must have animals in a 
concentrated area for at least 45 days of a given year.  Animals include hogs, cattle, 
chickens, hens, and pullets. There are over 400,000 of these operations across the U.S. 
(USDA, 2013).  The classification of an AFO as a CAFO depends on the animal species 
and the number of animals that are contained (EPA, 2014).  Size thresholds of CAFOs for 
various animals and operation characteristics are given in Table 2.1.  In addition, an 
operation may have this classification if its animals or waste are in contact with natural or 
artificial waterways (USDA, 2013).  Different types of CAFOs in terms of animals are 
distributed across the U.S. in various patterns.  For example, hog and pig operations are 
centered in the Midwest and eastern North Carolina, while chicken operations occur in 
clusters scattered throughout the Southeast (National Research Council, 2003). 
There are several chemical species emitted from CAFOs, each with different 
effects.  These include greenhouse gases such as CH4 and N2O as well as others, 
including NH3, nitrogen oxides, H2S, and SO2 (Bunton et al., 2007).  Several methods 
and instruments for measuring these emissions have been developed at both local and 
regional scales.  In addition to gaseous emissions, other properties such as particulate 
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matter and odor are also measured.  While the direct measurement of emissions is 
desirable, it is, unfortunately, an expensive endeavor (Bunton et al., 2007). 
 
 
Table 2.1. CAFO size thresholds (number of animals) for various animal species and 
operation types.    
 
Animal Sector Small 
CAFOs 
Medium 
CAFOs 
Large 
CAFOs 
Cattle or cow/calf pairs < 300 300-999 ≥ 1,000 
Mature dairy cattle < 200 200-699 ≥ 700 
Veal calves < 300 300-699 ≥ 1,000 
Swine (weighing over 55 pounds) < 750 750-2,499 ≥ 2,500 
Swine (weighing less than 55 pounds) < 3,000 3,000-9,999 ≥ 10,000 
Horses < 150 150-499 ≥ 500 
Sheep or lambs < 3,000 3,000-4,999 ≥ 10,000 
Turkeys < 16,500 16,500-54,999 ≥ 55,000 
Laying hens or broilers (liquid 
manure handling systems 
< 9,000 9,000-29,999 ≥ 30,000 
Chickens other than laying hens 
(other than liquid manure handling 
systems) 
< 37,500 37,500-124,999 ≥ 125,000 
Laying hens (other than liquid 
manure handling systems) 
< 25,000 25,000-81,999 ≥ 82,000 
Ducks (other than liquid manure 
handling systems 
< 10,000 10,000-29,999 ≥ 30,000 
Ducks (liquid manure handling 
systems) 
< 1,500 1,500-4,999 ≥ 5,000 
Source: EPA (2014). 
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 The emissions from CAFOs have effects on both humans and the environment.  
Particulate matter that originates from these sources are transported and later deposited 
which can affect the health of nearby wildlife (Burkholder et al., 2007).  The air 
associated with CAFOs, especially those housing swine, contains a variety of different 
chemicals such as organic acids that create foul odors (Cole et al., 2000).  Respiratory 
problems, such as asthma, can occur in human populations in the vicinity of these 
operations (Sigurdarson and Kline, 2006).  In addition to atmospheric impacts, these 
emissions also have terrestrial effects, including detriments to water quality (Burkholder 
et al., 2007). 
 
2.2. Emissions and Sources 
2.2.1. Sulfur Compounds and Sulfur Dioxide (SO2) 
 Sulfur dioxide is a gas capable of causing regional cooling, as it breaks down into 
sulfate aerosols, which can aid cloud production by providing condensation nuclei for 
water vapor condensation into cloud droplets (Smith et al., 2011).  Another product of 
reactions between SO2 and water vapor is sulfuric acid (H2SO4) (Thornton et al., 1996), 
H2SO4 provides a major source of acid deposition and has adverse impacts on natural and 
anthropogenic systems (Smith et al., 2001).  Natural sources of SO2 include biomass 
burning and volcanic eruptions (Thornton et al., 1996), while the majority of 
anthropogenic SO2 emissions come from fossil fuels (e.g., coal, petroleum, and natural 
gas production and processing).  The annual total emitted anthropogenic SO2 in the U.S. 
has decreased considerably since 1975, but emissions in newly-industrialized countries 
such as China have risen dramatically in recent years (Smith et al., 2011). This is due to a 
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rapid increase in fossil fuel demand and consumption (Lu et al., 2010).  Industrial and 
agricultural sources including CAFOs emit the remainder of anthropogenic emissions of 
SO2 (Smith et al., 2001).  CAFOs also emit reduced sulfur compounds that include 
hydrogen sulfide (H2S), which can react in the atmosphere to produce additional SO2 
(Rumsey and Aneja, 2009).  The ranges of simulated SO2 concentrations found in various 
air quality studies follows in Table 2.2. 
 
Table 2.2. The range of simulated SO2 concentrations found in various air quality 
studies. 
 
Cited Literature Lower 
Threshold 
Upper 
Threshold 
Units 
Baklanov et al., 2010 2 23 µg/m3 
Chapman et al., 2009 12 120 ppbv 
Frost et al., 2006 10 40 ppbv 
Kazil et al., 2011 10 56.827 pptv 
Loughner et al., 2011 2.55 13.58 ppbv 
McCulloch et al., 1998 0.199 41.76 µg/m3 
 
 
2.2.2. Methane (CH4) 
 Methane is the most abundant of the atmosphere’s organic gases (Cicerone and 
Oremland, 1988) and is an effective greenhouse gas.  The most common sources of CH4 
include natural wetlands and rice paddies, followed by enteric fermentation from animals, 
biomass burning, natural gas exploration, and landfills (Cicerone and Oremland, 1988; 
Matthews and Fung, 1987).  Vegetation is another source, with tropical forests 
contributing the most, followed by tropical savannas and grasslands and temperate forests 
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(Keppler et al., 2006).  The Intergovernmental Panel on Climate Change (IPCC) 
estimated that anthropogenic contributions of CH4, including energy, waste, and 
agricultural sources, double those of natural sources (Johnson and Johnson, 1995).  On a 
more specific level, natural wetlands, which contribute the most CH4, have emissions 
related to the accumulation of peat and water depth.  These and other variations in 
wetland characteristics, such as size, create uncertainty in estimating these emissions 
(Matthews and Fung, 1987).  The contribution of cattle to atmospheric CH4 came into 
focus after a realization that CO2 is a product of CH4 decomposition and is estimated to 
have a nearly 2% contribution to atmospheric warming (Johnson and Johnson, 1995). 
 
2.2.3. Nitrous Oxide (N2O) 
 Nitrous oxide is another powerful greenhouse gas and is more effective at 
absorbing radiation than CH4, though it exists in lesser quantities (Rodhe, 1990).  The 
IPCC estimates that the largest natural sources of N2O are the oceans and tropical forests, 
while agricultural soils and cattle are the largest anthropogenic sources.  Nitrogen is a 
component in many agricultural systems that can lead to N2O emission, including 
emissions from animal manures, crop residue, manure sludge application, and synthetic 
fertilizer (Mosier et al., 1998).  The application of nitrogen to soils also has a positive 
relationship with the amount of N2O emitted from those soils over time (Bremner and 
Blackmer, 1978).  There are several indirect sources of N2O that are part of the food 
production and consumption process, such as agricultural runoff, food processing, and the 
resulting sewage from the consumption of agricultural products (Mosier et al., 1998). 
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2.2.4. Nitrogen Oxides (NOx) and Carbon Monoxide (CO) 
 Urban centers are major sources of CO and NOx that include nitric oxide (NO) 
and nitrogen dioxide (NO2), with O3 as an additional product of these sources (Lee et al., 
2011).  In addition to urban sources, wildfires and biomass burning also contribute to CO 
concentrations.  NOx shares sources with other volatile organic compounds (VOCs) 
(Kleinman et al., 2002).  
 
2.2.5.  Ammonia (NH3) 
 NH3 emissions occur in both urban and agricultural areas.  Urban sources include 
transportation, industry, and sewage treatment.  Livestock is the primary source of NH3 in 
agriculture.  Other agricultural sources include fertilizer (Battye et al., 2003) and most 
other nitrogen applications that are ammonia-based (Bremner and Blackmer, 1978).  
Vegetation beyond agriculture also emits NH3 in lower quantities, with forests being the 
largest non-agricultural contributor.  These emission sources also produce particulate 
matter in the form of ammonium (NH4), including ammonium nitrate (NH4NO3) and 
ammonium sulfate ((NH4)2SO4) (Battye et al., 2003). 
 
2.3. Atmospheric Characteristics and Concentration of Emissions 
2.3.1. Surface and Atmospheric Variables 
 The concentrations of these gases over a particular area are not only dependent on 
their source emissions but also on environmental variables and the interactions that occur 
at the surface-atmosphere interface.  These modifications of gases after their atmospheric 
entry determine how far they are transported and for how long they are able to persist in 
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their current state.  In general, a deeper planetary boundary layer (PBL) allows emissions 
to reach higher altitudes and also results in increased interactions with the flow above.  
As emissions transfer into the free troposphere through these interactions, they are 
transported farther from their sources via the increased horizontal winds above the PBL 
(Loughner et al., 2011). 
 Different aspects of the land surface state also affect the concentrations of specific 
gases and aerosols.  For instance, CO2 concentrations can vary locally depending on soil 
moisture content, which alters the evapotranspiration rates of overlying vegetation.  Even 
subtle variations such as the shapes and sizes of leaves can contribute to concentration 
variation, as with the difference between those of deciduous and coniferous trees (Niyogi 
and Xue, 2006).  Ozone exhibits a diurnal pattern in concentration due to its dependence 
on sunlight for its production, with minimum concentrations occurring before sunrise.  
Local concentrations of CO and NOx also exhibit a diurnal pattern in urban environments 
with close links to the PBL, as concentrations are high in the morning but low in the 
afternoon due to greater mixing in a deeper PBL (Tie et al., 2007).  Isoprene emissions 
are dependent on temperature, with higher temperatures resulting in larger emissions and 
vice versa.  This is evident in the more intense emissions from tropical tree species 
(Guenther et al., 2006). 
 
2.3.2. Chemical Interactions 
 The presence of multiple gases in the atmosphere inevitably lead to chemical 
reactions, resulting in the decay of existing gases and their conversion to new ones.  For 
instance, precipitation and water vapor in the atmosphere can react with gases such as 
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SO2 to produce sulfuric acid (H2SO4), a component of acid rain at high SO2 
concentrations (Menz and Seip, 2004).  Hydroxl radicals (OH) are the main cause of 
atmospheric methane decay (up to 85%), which produces CO, CO2, and water vapor.  
Additionally, complete oxidation of methane produces ozone when high concentrations 
of NOx are present, which can be produced in both the troposphere and stratosphere 
(Cicerone and Oremland, 1988).  Like methane, CO is also susceptible to decay by OH, 
reacting with CO to produce CO2 and hydrogen (Novelli et al., 1998).  N2O is a source of 
stratospheric NOx that can chemically decompose part of the ozone layer (Ravishankara 
et al., 2009). 
 Ozone is a product of photochemical reactions between NOx and VOCs, but its 
production is also influenced by the presence of methane (Cicerone and Oremland, 1988).  
However, despite the reliance on NOx for production, ozone has an inverse relationship 
with NOx concentration.  At lower NOx concentrations, ozone production increases, but 
when NOx reaches a threshold, new ozone production ceases and other chemical 
compounds develop (Kleinman et al., 2002).  Ozone also reacts with nitric oxide (NO) to 
produce nitrogen dioxide (NO2) and diatomic oxygen (O2) at night, which further 
contributes to its nocturnal decline in concentration (Tie et al., 2007). 
 
2.4.  Air Quality Models 
 The scope of air quality models ranges from the simulation of multiple chemical 
species (e.g., Tie et al., 2007) to more focused models of particular types of emissions 
from certain land cover types (Guenther et al., 2006).  By 1997, at least fifteen different 
photochemical air-quality models were in use globally for the purposes of simulating the 
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properties of ozone and sulfur and the potential for acid deposition (Russell, 1997).  
These were further subdivided by region, with a separate focus on North America and 
Europe, and employed a wide variety of grid resolutions (Russell, 1997).  All models use 
meteorological and air quality data, analyzed for selected study areas and for user-
determined domain size and resolution, with selected physical, dynamical, and chemical 
parameterization schemes that depend on the specific purpose and function of the model.  
For instance, the purpose of the Model of Emissions of Gases and Aerosols from Nature 
(MEGAN) is to simulate emissions of VOCs and biogenic emissions such as isoprene 
(C5H8) and methane (CH4) from vegetated surfaces (Guenther et al., 2006). 
 In the last decade, the Weather Research and Forecasting model with Chemistry 
(WRF-Chem) was developed by NCAR (2013) and has been used in a multitude of air 
quality and sensitivity studies.  Prior to the introduction of WRF-Chem, atmospheric 
chemistry simulations were separated from the meteorological models (Grell et al., 2005).  
This process began to change in 2000 with WRF-Chem’s more integrative approach of 
combining meteorological and chemical components in the same model run.  Beta testing 
of the model began in 2000 and continued for four years until its first public release with 
version 2.0 in 2004.  Subsequently, major updates to the model in the form of new 
physics and chemistry options and other improvements have been made on a mostly 
annual basis (NCAR, 2013).  A sample of studies, and the versions of WRF-Chem used 
in them, is outlined in Table 2.2. 
 WRF-Chem version 3.4.1, released in August 2012, was used to perform the 
simulations, However, more recent versions of the model are available, with version 3.5 
released in April, 2013, and version 3.5.1 released in September, 2013 (NCAR, 2013).  
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An earlier version of WRF-Chem was used because of its stability relative to more recent 
releases.  Additionally, while versions 3.5 and 3.5.1 introduce a number of new physics 
and chemistry options and other adjustments, the stability and resultant quality of 
simulations remains to be seen. 
 
Table 2.3. Air quality studies performed using various versions of the WRF-Chem 
model.  Release dates provided by NCAR (2013). 
 
Study (Authors, Year) Version Release Date 
Jiang et al., 2008 2.1 August 3, 2005 
Chapman et al., 2009 2.1.2 January 30, 2006 
Ntelekos et al., 2009 2.2 December 22, 2006 
Yerramilli et al., 2009 2.2 December 22, 2006 
Jiang et al., 2010 2.2 December 22, 2006 
Lin et al., 2010 3.0 April 2, 2008 
Wang et al., 2010 2.2 December 22, 2006 
Zhang et al., 2010 2.2 December 22, 2006 
Wu et al., 2011 3.1.1 July 31, 2009 
Lee et al., 2011 3.1 April 9, 2009 
Loughner et al., 2011 3.1.1 July 31, 2009 
Saide et al., 2011 3.1.1 July 31, 2009 
Bernstein et al., 2012 3.1.1 July 31, 2009 
 
2.5. Global Studies 
 Global air quality simulations are useful for obtaining the big picture of emission 
rates and atmospheric transport and persistence, and are often employed in longer-term 
studies.  Emission sources in these sensitivity studies are almost always areal in nature 
due to their large spatial scope, as the low spatial resolution renders point sources such as 
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individual urban plumes unable to be resolved.  Specific uses include present-day 
assessments of emissions from varying land use and land cover types.  For example, 
isoprene emission factors from several vegetation species have been modeled across the 
globe using MEGAN (Guenther et al., 2006). 
 
2.6. Regional Studies 
 More specific studies are performed on the synoptic-scale, with study areas 
measured in thousands of km and covering areas comparable to the sizes of the U.S. or 
China or that of continents such as Europe (Kim et al., 2009; 2011).  In transition to the 
synoptic scale from the global scale, point sources of emissions begin to come into focus.  
The temporal scales of simulations often span multiple months or even an entire year to 
analyze seasonal fluctuations of emissions and relationships between concentrations and 
other variables, such as temperature and PBL height.   Studies of this type include 
monthly or seasonal comparisons of the emissions of nitrous oxides (NOx) from power 
plants in the eastern U.S. and their impacts on ozone production and distribution (Kim et 
al., 2006).  Other regional simulations have been performed for most of Europe 
examining the properties of ozone formation (Kim et al., 2009) and secondary aerosol 
formation (Kim et al., 2011).  Ozone, nitrogen dioxide, and sulfur dioxide dispersion 
patterns have also been studied over China and surrounding countries in Asia (Wang et 
al., 2010). 
 
2.7. Local Studies 
 Air quality research with a local focus has study areas measured in hundreds of 
kilometers or smaller, compared to the thousands of kilometers spanned at the regional 
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scale.  At this scale, smaller-scale details become more apparent, such as land and sea 
breeze effects on emission transport.  The effects of individual clouds on atmospheric 
chemistry can be resolved, such as their positive impacts on the conversion of SO2 to 
sulfate aerosols (Loughner et al., 2011).  Additional examples of study areas within this 
scale include western and central Europe (Kim et al., 2011), the southeastern U.S. 
(Chuang et al., 2011), the northeastern U.S. (Ntelekos et al., 2009; Wilczak et al., 2006) 
and along the West Coast (Bernstein et al., 2012). 
 Urban emission studies are a subset of those performed at the local scale, as cities 
are major sources of anthropogenic emissions. Urban areas are a major source of 
tropospheric ozone, nitrogen oxides, carbon monoxide, and other gases and pollutants, 
which have safety and health impacts on their inhabitants, including transportation 
visibility and respiratory health (Pope III et al., 1991). The majority of research 
performed at this scale focused on spatial and temporal emission patterns.  The durations 
of urban air-quality studies typically ranged from a few hours to a few days, capturing 
diurnal cycles and local effects of shorter meteorological events.  Studies have focused on 
several cities within the U.S., such as Philadelphia, Phoenix, New York, Nashville, and 
Houston (Kleinman et al., 2002).  Research on emissions from other international cities 
includes Mexico City (Tie et al., 2007; Karl et al., 2009) and Hong Kong (Jiang et al., 
2008).  Urban emissions also include sources such as transportation networks and 
industrial areas.  These types of simulations require the greatest detail in terms of both the 
spatial resolution of data and domains, as well as the frequency of observations in the 
model input data and the time interval of recorded output variables.   
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Chapter 3 
Methodology 
3.1. Study Area 
 This thesis used two domains to cover the study area. A larger area (outer 
domain) provided context within which the main study area (inner domain) was located 
(Figure 3.1). The outer domain spanned much of the eastern half of the U.S and had a 
spatial resolution of 12 km. This domain had a south-north extent ranging from 28° N, 
just off the Gulf Coast, to 45° N across the Great Lakes.  The west-to-east extent was 
from -101° W in the Great Plains to -75° W along the East Coast. The purpose of this 
contextual area (outer domain) was to provide model stability for the higher-resolution 
study area within.   
The inner domain contained the inland southeastern U.S. with a specific focus on 
western Kentucky, and had a spatial resolution of 4 km. The inner domain ranged from 
32° N to 42° N and -96° to -81° W, spanning portions of 21 states (see Figure 3.1).  The 
CAFOs in the study area primarily house hogs, pigs, and chickens (Figure 3.2).  Hog and 
pig operations are more scattered, while chicken operations occur in concentrated areas.  
Of these operations, three locations were selected for the emission simulations.  Only 
those with minimal or without influence from other anthropogenic emission sources such 
as cities and interstates were considered in this study. 
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Figure 3.1. Approximate outlines of the outer domain (larger box), and inner domain 
(smaller box) in which the sensitivity simulations were conducted. 
 
 
Figure 3.2. The distributions of (a) hogs and pigs and (b) chickens sold in 1997 (NRC, 
2003). 
 
 In order to isolate the potential point-source emissions from background 
concentrations, simulated emissions were increased at three locations in western 
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Kentucky.  The locations were determined by overlaying data points from the National 
Emissions Inventory of 2005 (NEI05) on hog and pig CAFO maps produced by the 
National Research Council (2003).  Several matches of CAFO locations and NEI05 data 
points in western Kentucky were identified.  The coordinates of the corresponding NEI05 
data points were obtained and used to verify the locations with satellite imagery.  This 
was to make sure that locations were not near any other anthropogenic sources of 
emissions such as roads or cities.  The three locations from where emissions were tracked 
included  36.91988°N and 88.85003°W (near Cunningham, KY); 37.16579°N and 
88.96694°W (near Bandana, KY); and 37.65882°N and  87.78046°W (near Boxville, 
KY) (Figure 3.3). 
 
Figure 3.3. The locations where emissions near CAFOs in western Kentucky were 
changed during the sensitivity simulations. Source: Base Map from Google Earth (2014). 
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3.2. Event Selection 
 Emission simulations were performed for the period of 7-13 July, 2012, in the 
context of convective precipitation within the study area.  The process of identifying a 
suitable event began with the examination of observed daily precipitation maps produced 
by the Advanced Hydrologic Prediction Service (AHPS), a branch of the National 
Weather Service (NWS).  For the inner domain of the study area, regional maps centered 
on the Lower Mississippi Regional Forecast Center were used (Figure 3.4).  Over 3,000 
daily maps from the AHPS precipitation image archive (2 January, 2005, to 8 October, 
2013) were imported into a MATLAB to estimate area-averaged precipitation for the 
inner domain.  This was achieved by reading the color values of each pixel within the 
specified bounds, matching the color to the corresponding precipitation value in the 
legend, and averaging all of the resulting values within the bounds to produce the daily 
area average for each day in the record. 
 
 
Figure 3.4. Daily precipitation map for the southeastern U.S. during the 24 hours ending 
at 1200 UTC on July 9, 2012. Source: AHPS (2012). 
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 After calculating daily area averages of precipitation for the inner domain for the 
entire map archive, the averages were grouped into overlapping consecutive seven-day 
averages.  Peaks in period average precipitation were visually verified with the 
appropriate AHPS daily precipitation maps to check the location and characteristics of 
rainfall patterns.  Only summer precipitation events (occurring between 21 June and 23 
September) were considered in this study.  The estimated precipitation amounts during 
this event for three locations selected in western Kentucky are shown in Table 3.1. 
 
Table 3.1. Estimated precipitation amounts for the three selected locations during the 
July 7-13, 2012, event as derived from the AHPS (2012) daily precipitation maps. 
 
Location Precipitation (mm) 
Rainfall 1.8 mi NW of Bandana, KY 51.56 mm 
Rainfall 2.4 mi NE of Cunningham, KY 57.40 mm 
Rainfall 3.3 mi NE of Boxville, KY 14.22 mm 
 
 
3.3. Data 
 The simulations used North American Regional Reanalysis A (NARR-A) data 
produced by the National Centers for Environmental Prediction (NCEP) and distributed 
via the National Operation Model Archive and Distribution System (NOMADS) 
(Mesinger et al., 2006).  The data have a horizontal resolution of 32 km and were 
prepared at three-hour intervals (00, 03, 06, 09, 12, 15, 18, and 21Z).  Variables such as 
geopotential height, specific humidity, cloud water, mixing ratios, and wind vectors were 
available for 29 pressure levels.  These included 13 levels from 1,000 mb to the 700 mb 
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height in increments of 25 mb, eight more levels up to the 300 mb height in increments of 
50 mb, and an additional eight levels up to the 100 mb height in increments of 25 mb.   
A number of variables were provided at specific heights above the surface, 
including temperature, specific humidity, and pressure at 2, 10, and 30 m; potential 
temperature and horizontal wind vectors at 2 and 10 m; and dew point temperature and 
relative humidity at 2 m above the surface.  Over 30 variables were available for the 
surface itself, including temperature, precipitation, radiation and energy fluxes, pressure, 
planetary boundary layer (PBL) height, vegetation cover, and albedo.  Soil moisture and 
temperature were also included for four soil levels (0-10 cm, 10-40 cm, 40-100 cm, and 
100-200 cm).  As each simulation is seven days long, a total of 56 observations were used 
for each event (8 observations per day times 7 days) to model upper atmospheric, near 
surface, and subsurface conditions. 
 
3.4. Data and Domain Preprocessing 
 The WRF Preprocessing System (WPS) was used to prepare and model the 
meteorological data.  The data and grid processing steps are outlined in Figure 3.6.  The 
NARR-A data for the events were downloaded and converted into a format that can be 
used by the WPS interpolation function (metgrid) per time interval and domain later in 
the process.  As noted above, two domains were used in the simulation:  a coarser outer 
domain to capture synoptic-scale features and provide a basis for modeling, and a higher-
resolution inner domain synonymous with the study area to capture the finer mesoscale 
properties.  The spatial resolution was 12 km for the outer domain and 4 km for the inner 
domain.  Both domains had a time step of one minute with an output interval of one hour.  
The domain parameters were inputted into a grid function (geogrid), which produced grid 
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output for each domain.  These domain-grid data and the formatted data files from earlier 
steps were then inputted into the metgrid function, producing the interpolations of data 
across each of the domains per time interval that were used in producing the WRF input 
files. 
 
 
Figure 3.5. Flowchart of data and domain preprocessing in WPS, with the initial files in 
yellow, functions in red, static tables and files in white, intermediate files in blue, and 
fully-processed files in green. 
 
3.5. Physics and Chemistry Options and Simulation 
 The gridded data files for each domain and time interval needed additional 
processing before becoming the input files for the WRF-Chem simulation.  Physical and 
dynamic options were selected for the model first, which dictated how the meteorological 
components were simulated.  There are options for the land surface model (which 
controls surface conditions such as energy fluxes), cumulus and convective 
parameterization, short-wave and long-wave radiation schemes, planetary boundary 
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layer, and others.  Parameterization schemes used are listed in Table 3.2.  Time intervals 
and domain resolution and bounds were also reiterated in this phase.   
 The second phase involved the chemistry parameterization of the model.  Similar 
to the physics options in the previous phase, other settings were available for 
modification, including chemical species, photolysis, anthropogenic emissions, and 
biogenic emissions.  The locations of the three points selected in western Kentucky 
within the inner domain and their emissions were also specified in this phase.  Four 
simulations were completed for each event, with the first simulation being the control run 
with no emissions change. The other three simulations included emissions increases in 
SO2 of 10%, 20%, and 30% from the three locations.  Increasing the emissions from the 
locations isolates their emissions from surrounding emissions, allowing for the visibility 
of their particular contribution to atmospheric concentration via comparisons with the 
control simulation.  After making modifications in both phases, these settings were 
applied to the gridded data files to create the WRF-Chem input files, which were then 
used in the simulation itself with the physics and chemistry options selected.  For seven-
day model simulations, each simulation took up to four actual days to complete.  A brief 
summary of this workflow is provided in Figure 3.7. 
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Table 3.2. Parameterization schemes used for the WRF-Chem simulations. 
 
 
Figure 3.6. Flowchart of the creation of WRF-Chem input files and subsequent 
simulation, with the initial files in yellow, functions in red, static tables and files in white, 
intermediate files in blue, and fully-processed files in green. 
 
Parameter Scheme Reference 
Cloud microphysics WRF Single-Moment 6-
class 
Hong and Lim, 2006 
Longwave radiation Rapid Radiative Transfer 
Model 
Mlawer et al., 1997 
Shortwave radiation RRTMG Shortwave Mlawer et al., 1997 
Surface layer MM5 Similarity Grell et al., 1994 
Land surface Noah Land Surface Model Chen and Dudhia, 2001 
Urban surface None  
Planetary boundary 
layer 
Yonsei University Hong et al., 2006 
Cumulus 
parameterization 
Kain-Fritsch Kain and Fritsch, 1993 
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3.6. Output Processing 
 After the completion of the WRF-Chem simulation, the Fortran program 
ARWpost converted the resulting output files into formats suitable for the Grid Analysis 
and Display System (GrADS) to produce graphical output.  From this, maps were 
produced to display the spatial patterns of emissions through time across both domains in 
terms of location and concentration.  In order to extract numerical statistics from the 
output, area averages for each time interval were performed in the program with the 
spatial array of values.  To graph the area averages, the values were exported from 
GrADS into MATLAB.  A summary of the output process is shown in Figure 3.7. 
 
 
Figure 3.7. Flowchart of processing, creating graphics, and performing statistics on the 
model output, with the initial files in yellow, functions in red, static tables and files in 
white, intermediate files in blue, and fully-processed files in green.  
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Chapter 4 
 Results 
 
4.1. Observed Synoptic Conditions 
  The gradual passage of a quasi-stationary front played an important role in the 
precipitation of July 7-13, 2012.  On July 7, a cold front over the Great Lakes became 
stationary (Appendix: Figure 1a) and started to drift slowly southward by July 8 
(Appendix: Figure 1b) before reaching western Kentucky on July 9 (Appendix: Figure 
1c) and Tennessee by July 10 (Appendix: Figure 1d).  The front continued over 
Mississippi and Alabama through July 11-12 (Appendix: Figure 1e, f). A low-pressure 
center developed over the study area on July 13 (Appendix: Figure 1g).  Daily radar-
estimated precipitation maps showed that western Kentucky received at least 1 mm of 
rainfall every day during this 7-day period (Appendix: Figure 2).  Most of the 
precipitation was observed on July 9, with some areas of western Kentucky exceeding 25 
mm of rainfall coinciding with the passage of the stationary front over the study area 
(Appendix: Figure 2c).  Doppler radar imagery also documented the passage of the 
stationary front (Appendix: Figure 3).  The band of rainfall associated with the front was 
directly over western Kentucky at 0000 UTC on July 9, or 7:00 P.M. LST (Appendix: 
Figure 3c).  The precipitation band contained more intense cells at 0000 UTC (7:00 P.M. 
CDT), likely due to daytime heating contributing to a more unstable atmosphere. 
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4.2. Results from the Control (CTRL) Simulation 
 The simulation of accumulated precipitation in the inner domain had a diurnal 
pattern, with a gradual increase from 0300 UTC to 1800 UTC each day, and a rapid 
increase between 1800 UTC and 0300 UTC of the next day, which coincided with the 
warmest part of each day.  By the end of the simulation period, the inner domain had an 
average accumulated precipitation of 39 mm (Figure 4.2.1a).  The diurnal pattern was not 
as pronounced for accumulated precipitation in and around western Kentucky, with the 
first main rainfall event not occurring until late on July 8 (Figure 4.2.1b).  The lack of the 
distinct diurnal pattern locally may be negligible with a frontal passage, however.  
Several smaller accumulations of 1-2 mm occurred from July 9 to July 11, and larger 
accumulation events exceeding 8 mm occurred on July 12 and 13.  These resulted in a 
total accumulation average of 33 mm for western Kentucky (Figure 4.2.1b). 
 Maps of accumulated precipitation for the inner domain showed that most of the 
estimated precipitation in Arkansas occurred through July 11. This area of the highest 
accumulations expanded eastward into Mississippi and Tennessee on July 12 and into 
Alabama on July 13.  Overall, the simulation produced a larger amount of precipitation in 
the southern half of the inner domain than in the northern half during the study period 
(Figure 4.2.2). 
Hourly precipitation totals averaged for the inner domain better illustrated the 
diurnal pattern of rainfall that occurred throughout the July 7-13 period.  With the 
exception of the first rainfall event at the end of July 7, all successive rainfall events had 
one or more hours exceeding 0.4 mm, with three hours during the July 8-9 event reaching 
or exceeding 0.6 mm (Figure 4.2.3a).  In western Kentucky (the vicinity of the CAFOs), a 
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larger amount of average hourly precipitation was simulated during July 8-9, compared to 
the entire inner domain.  Additionally, a bimodal pattern in hourly precipitation was 
present for the western Kentucky with two peaks separated by 1-3 hours (Figure 4.2.3b). 
The second peak of precipitation was much smaller than the first. 
 
Figure 4.2.1. Simulated area-average accumulated precipitation (mm) during the July 7-
13, 2012 event for (a) the inner domain and (b) the vicinity of the CAFO emission points.  
Dates represent 0000 UTC. 
 
Twelve-hour accumulation maps for the inner domain showed that most 
precipitation occurred in Arkansas, Mississippi, and Alabama at 0000 UTC on July 8 
(Figure 4.2.4a). By July 9, precipitation associated with the stationary front had entered 
the inner domain, stretching from Ohio through southern Missouri (Figure 4.2.4c).  By 
1200 UTC, precipitation passed over the western Kentucky, resulting in its highest hourly 
rainfall totals for the simulated period (Figure 4.2.4d).  From July 10 to July 12, rainfall 
remained mostly limited to the southern half of the inner domain. On July 13, the areas of 
higher precipitation totals progressed northward back into Kentucky (Figure 4.2.4k) and 
these persisted until the end of the simulation period. 
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Figure 4.2.2. Inner domain accumulated precipitation (mm) starting at 0000 UTC on July 
7, 2012. 
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Figure 4.2.3. Area-averaged hour precipitation totals (mm) during the July 7-13, 2012 
event for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. 
 
Two-meter temperature averages for the inner domain showed the familiar diurnal 
pattern between the maximum and minimum temperatures.  Also noticeable is that 
maximum and minimum daily temperatures gradually decreased through the period as 
precipitation became more prominent and the colder side of the front passed over the 
study area.  Daily temperature maximums at 1800 UTC on each day started as high as 
37°C on average, but fell to near 30°C by July 13.  1200 UTC temperature minimums 
started at 25°C on July 7 and had decreased to 20°C by July 9 before remaining near that 
temperature for the remainder of the period (Figure 4.2.5a).  Average temperatures for the 
western Kentucky area exhibited a similar trend but a steeper drop, as daily maximum 
temperatures started at 40°C on July 7 and fell to 27°C by July 13.  Daily minimum 
temperatures fell from 25°C on July 7 to 20°C on July 13, closely matching those of 
entire inner domain (Figure 4.2.5b). 
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Figure 4.2.4. Inner domain 12-hour precipitation totals (mm) for the July 7-13, 2012 
event. 
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 The geographic distribution of 2-meter temperatures across the inner domain 
corresponded with the locations of precipitation occurrence illustrated in Figure 4.2.4.  At 
0000 UTC each day, when the temperature was close to the daily maximum, areas with 
no precipitation experienced temperatures between 27°C and 35°C, while areas with 
precipitation in progress had temperatures between 23°C and 27°C due to the presence of 
cloud cover associated with the precipitation.  As a result, the western Kentucky area 
experienced maximum daily temperatures above 35° on July 8, but the maximum 
temperature dropped on July 9 as the colder side of the front passed over.  This effect was 
much less pronounced at 1200 Z each day when daily temperature was at its lowest with 
the difference being less than 2°C between wet and dry areas (Appendix: Figure 10). 
 
 
Figure 4.2.5. Area-averaged 2-meter temperature (°C) during the July 7-13, 2012 event 
for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. 
 
The average diurnal pattern of PBL height across the inner domain ranged 
between about 250 and 2,500 m.  The maximum daily PBL height was 2,500 m on July 7.  
However, maximum heights remained at or under 2,000 m for rest of the simulation 
period (Figure 4.2.6a).  The range of PBL heights around the emission points in western 
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Kentucky was slightly larger but they generally show a similar diurnal fluctuation pattern 
to that of the inner domain (Figure 4.2.6b).  . 
 Geographically, PBL heights across the inner domain were the highest in the 
northwestern quadrant over much of Missouri and Illinois for the majority of the 
simulation period.  Lower PBL heights were associated with the stationary front and 
areas of precipitation as they moved from north to the south through the period.  At 0000 
UTC, PBL heights were higher reaching above 4000 m in some locations (Figure 4.2.7a, 
c, e, g, i, k, m). On the other hand, at 1200 UTC (local time 7 am) PBL heights were less 
than 500 m over most of the areas within the inner domain (Figure 4.2.7b, d, f, h, j, l).   
 
 
 
Figure 4.2.6. Area-averaged PBL height (m) during the July 7-13, 2012 event for (a) the 
inner domain and (b) the vicinity of the CAFO emission points. 
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Figure 4.2.7. Inner domain PBL height (m) for the July 7-13, 2012 event. 
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4.3. Control Simulation Precipitation Verification 
Evaluating the performance of the model is important due to the localized nature 
of precipitation and its impacts on the results of this study.  For this purpose, 24-hour 
simulated accumulated precipitation was compared with the data from the Advanced 
Hydrologic Prediction Service (AHPS, 2012) for each day (Appendix: Figures 4-9). The 
comparison of model-simulated precipitation in comparison with AHPS data varied in 
terms of intensity and locational differences through the entire simulation period.  For 
example, comparisons on July 10 suggest that model-simulated precipitation occurred in 
the same areas as precipitation in the AHPS data.  However, precipitation amounts were 
overestimated in southern Arkansas, Mississippi, and Alabama and underestimated along 
the Kentucky-Tennessee border (Appendix: Figure 7).  On July 11, AHPS data suggest 
that most of the precipitation fell in northern Alabama and south-central Tennessee, and 
this was also reflected in the model results. Precipitation totals were overestimated in 
areas south and west, including much of Mississippi and southeastern Arkansas 
(Appendix: Figure 8).   
AHPS data suggest that July 12 precipitation generally occurred over the same 
locations as July 11 with comparable magnitudes.  However, greater accumulations 
shifted farther south over Alabama and Mississippi.  The model underestimated 
precipitation in these areas and overestimated amounts in much of Tennessee and western 
Kentucky (Appendix: Figure 9).  Throughout the entire simulation, the general location 
of modeled precipitation agreed in most cases with AHPS estimates, but the amounts of 
precipitation were frequently over- or under-estimated. 
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4.4. Control Simulation of SO2  
In this section, spatio-temporal distribution of SO2 and key meteorological 
variables obtained from the control simulation are discussed. Horizontal wind speeds, on 
average for the inner domain, were the lowest at the surface and highest (10 m s-1 on 
average) aloft at the 300-mb level.  Wind speed peaks at the surface appeared to coincide 
with the peaks in hourly precipitation.  However, this comparison was less noticeable in 
the upper levels (Figure 4.4.1a).  For the western Kentucky area (location of emissions 
points), winds were much stronger aloft (near 18 m s-1).  Wind speeds at all levels 
decreased below 5 m s-1 following the July 8-9 precipitation event before rebounding 
back to their previous speeds near the beginning of July 10.  Additionally, while wind 
speeds at the 700 and 500-mb levels were greater than those at the surface before July 9, 
they (wind speeds) decreased near equal to surface level for the rest of the period after the 
July 8-9 rainfall event (Figure 4.4.1b). 
 A diurnal pattern in SO2 concentrations comparable to the emissions data used in 
the simulation was observed at the surface, with minimums and maximums reaching near 
1200 and 1800 UTC, respectively.  Concentrations decreased at all levels during the 
stationary front passage and associated precipitation on July 8-9 and remained under 60 
pptv for the remainder of the simulation period as rainfall continued throughout the inner 
domain (Figure 4.4.2a).  The lowering of SO2 concentrations on July 8 was more 
pronounced for the western Kentucky area and reached below 50 pptv.  SO2 at the 300-
mb level rebounded to near 70 pptv on July 11, while those at the lower level of the 
atmosphere remained below 40 pptv.  SO2 at the 300-mb level decreased again with the 
onset of more precipitation in the western Kentucky area on July 12 and July 13, and 
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concentrations at the surface, 850-mb, and 700-mb levels reached near zero (Figure 
4.4.2b). 
 
 
 
Figure 4.4.1. Area-averaged horizontal wind speed (m s-1) during the July 7-13, 2012 
event for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. 
 
 
 
Figure 4.4.2. Area-averaged SO2 concentrations (pptv) during the July 7-13, 2012 event 
for (a) the inner domain and (b) the vicinity of the CAFO emission points.  Dates 
represent 0000 UTC. 
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 Geographically, SO2 concentrations on July 8 at the surface and 850 mb levels 
ranged between 60 and 90 pptv at 0000 UTC (7:00 P.M local time) across Kentucky and 
areas to the north, with higher concentrations aloft (Appendix: Figures 11 and 12).  
Surface concentrations were between 30 and 60 pptv at 1200 UTC (7:00 A.M. local time) 
for the same areas, with lower concentrations farther to the north and south (Figures 4.4.3 
and 4.4.4).  The lower-concentration areas were coincident with convective precipitation 
in Tennessee and areas south (Figure 4.2.4) and the stationary front and associated 
precipitation over Illinois (Appendix: Figure 1). Southerly winds over the northern half of 
the inner domain became more westerly at the surface and 850 mb levels.  Winds were 
more turbulent at the 700 mb level, and the clockwise turning appeared again at the 500 
mb and 300 mb levels, coinciding with higher SO2 concentrations associated with drier 
conditions around the high pressure center (Figure 4.4.3). 
 The band of low SO2 concentrations below 10 pptv associated with the front had 
progressed farther south into western Kentucky by 0000 UTC on July 9 (Appendix: 
Figures 13 and 14), and by 1200 UTC on July 9, the two bands of low SO2 concentrations 
had merged to become one large swath with values less than 10 pptv covering much of 
the central third of the inner domain at the surface.  The band of near-zero concentrations 
became somewhat less expansive and continuous with height, though there were still 
several large areas with concentrations less than 30 pptv up through the 300 mb level.  
The highest SO2 concentrations were to the north of the band in the area where the front 
had already passed, reaching over 90 pptv in the upper levels and accompanied by 
northwesterly winds (Figure 4.4.4). 
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 The large swath of SO2 concentrations between 0 and 10 pptv associated with the 
combination of the stationary front and the convective rainfall to the south continued to 
move southward through July 10 and 11, covering much of southern Kentucky and all of 
Tennessee and Arkansas.  Areas of higher concentrations exceeding 40 pptv continued to 
occur immediately to the north behind the front in Illinois and Missouri, especially in the 
upper levels.  These higher concentrations also continued to be associated with the 
northerly and westerly winds that were pushing against the slowly advancing front to the 
south (Appendix: Figures 15-18).  It is possible that the higher concentrations may have 
also had an association with updrafts adjacent to precipitation locations. 
 SO2 concentrations were under 10 pptv at the surface in western Kentucky and 
southward by 1200 UTC on July 12.  However, higher concentrations up to 60 pptv were 
progressing southward from Illinois and Missouri behind the frontal advance.  These 
higher concentrations to the north and west were more evident with increasing height and 
expanded to cover much more area with concentrations exceeding 80 and 90 pptv 
(Figures 4.4.7 and 4.4.8).  The lower SO2 concentrations below 10 pptv over western 
Kentucky and areas to the south and west continued to coincide with precipitation that 
was occurring in the region (Figure 4.2.4j). Additionally, this area also coincided with a 
counter-clockwise turning of winds at the 850 mb, 700 mb, and 500 mb levels centered 
over western Tennessee and eastern Arkansas.  On July 13, low SO2 concentrations at the 
surface below 10 pptv regressed northward back over western Kentucky with 
precipitation, as higher concentrations exceeding 80 pptv persisted in the drier air to the 
north and west in the upper levels (Appendix: Figures 25-30). 
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Figure 4.4.3. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 8, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.4.4. 
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Figure 4.4.4. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.3. 
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Figure 4.4.5. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 9, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.4.6. 
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Figure 4.4.6. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.5. 
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Figure 4.4.7. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 12, 2012.  The areas enclosed 
by box (b) are expanded in Figure 4.4.8. 
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Figure 4.4.8. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 4.4.7. 
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4.5. Results from Sensitivity Experiments  
Area-average temporal changes  
 In the first of four sensitivity experiments conducted, SO2 emissions at the three 
locations representing CAFOs in western Kentucky were set to the average of 
surrounding non-zero emissions (EXPAVG).  In the subsequent simulations, the average 
SO2 emissions calculated in EXPAVG were increased by 10% (EXP10), 20% (EXP20, 
and 30% (EXP30).  At the surface for the entire inner domain, the area-averaged increase 
in emissions from CTRL was as much as 10 pptv before July 9, and the increase ranged 
between 10 and 20 pptv above CTRL in all EXP simulations for the remainder of the 
period (Figure 4.5.1a).  Near to the emissions change locations, the increase in SO2 from 
CTRL was much greater in all EXP simulations, with area-averaged increases of up to 
110 pptv from CTRL occurring at 0000 UTC on several days (Figure 4.5.1b).  For most 
of the simulation period, EXPAVG had the lowest and EXP30 had the highest 
concentrations.  However, there were brief fluctuations of these concentration on July 9 
and July 12 (Figure 4.5.1b).  These fluctuations coincided with increased precipitation in 
western Kentucky on these days. 
 At the 850 mb level, there was less of a difference between CTRL and the 
emissions change simulations than near the surface, and the diurnal pattern of 
concentrations was less pronounced across the inner domain (Figure 4.5.2a).  The 
difference between EXP30 and CTRL remained at 10 pptv or less until July 10 and then 
increased to near 20 pptv, with EXPAVG, EXP10, and EXP20 having smaller changes 
from CTRL.  The area-averaged concentrations of SO2 for the area near the emissions 
change locations were again higher than those for the entire inner domain, reaching as 
  47 
much as 70 pptv above CTRL for the EXP30 simulation at 0000 UTC on July 8 and July 
11 (Figure 4.5.2b).   
 There were even much lower differences between the emissions change 
simulations and CTRL above the 850 mb level.  Over the entire inner domain, there was 
an average increase in SO2 concentrations of up to 5 pptv on July 10 and 11 between all 
simulations, but the average concentration between them matched closely during the rest 
of the period at the 700 mb (Figure 4.5.3a), 500 mb (Figure 4.5.4a), and 300 mb levels 
(Figure 4.5.5a).  For the area in the vicinity of the emissions change locations, there was 
little difference in SO2 concentrations between simulations at the 700 mb level and higher 
until July 9.  At the 700 mb level, the local area-averaged concentration for CTRL was up 
to 20 pptv higher than those for the emissions increase simulations, but there was little 
difference between all simulations again by 1200 UTC on July 10 (Figure 4.5.3b).  The 
most local change in SO2 on average at the 500 mb level occurred between 1200 UTC on 
July 10 and 1200 UTC on July 12, with concentrations in the EXP30 simulations being 
up to 20 pptv greater than CTRL (Figure 4.5.4b). 
 
Figure 4.5.1. Area-averaged SO2 concentrations (pptv) at the surface for the emissions 
change simulations during the July 7-13, 2012, event over (a) the inner domain and (b) 
the vicinity of the CAFO emission points.  Dates represent 0000 UTC. 
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Figure 4.5.2. Area-averaged SO2 concentrations (pptv) at the 850 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. 
 
 
Figure 4.5.3. Area-averaged SO2 concentrations (pptv) at the 700 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. 
 
 
Figure 4.5.4. Area-averaged SO2 concentrations (pptv) at the 500 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. 
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Figure 4.5.5. Area-averaged SO2 concentrations (pptv) at the 300 mb level for the 
emissions change simulations during the July 7-13, 2012, event over (a) the inner domain 
and (b) the vicinity of the CAFO emission points.  Dates represent 0000 UTC. 
 
 
Spatio-temporal changes 
 Geographically, at the surface at 0000 UTC on July 8, the largest increases of SO2 
concentrations from CTRL in the EXP simulations were at least 1,000 pptv near the 
emissions change locations representing the CAFOs in western Kentucky (Appendix: 
Figures 31-32).  These increased emissions had spread to the north of their sources into 
Indiana and Illinois due to southerly winds, with the difference in concentrations from 
CTRL decreasing rapidly with distance.  Changes from CTRL at the 850 mb level were 
similar to those at the surface in all EXP simulations (Appendix: Figures 31-32). 
 By 1200 UTC on July 8 at the surface, the area of increased SO2 concentrations 
had expanded farther toward the north. The increases were greater than 100 pptv 
compared to CTRL and were spreading into southern Illinois and Indiana in all EXP 
simulations at the surface (Figures 4.5.6a, c, e, g, and 4.5.7a, c, e, g).  Another area of 
SO2 increase of up to 900 pptv appeared along the northeastern boundary of the inner 
domain.  Increases of up to 300 pptv at the 850 mb level were also present in the same 
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areas as those at the surface, and extended along the border of Kentucky and Indiana and 
into western Ohio (Figures 4.5.6b, d, f, h, and 4.5.7b, d, f, h). 
 Emissions began to travel toward the south into Tennessee with northerly winds at 
0000 UTC on July 9 near the surface (Appendix: Figures 33a, c, e, g and 34a, c, e, g).   
Increased concentrations were mostly restricted to narrow bands at the surface, while 
those at the 850 mb level were more widespread, exceeding 900 pptv in EXP30-CTRL, 
700 pptv in EXP20-CTRL, and 500 pptv in EXP10-CTRL (Appendix: Figures 33b, d, f, h 
and 34b, d, f, h).  By 1200 UTC, emissions continued to travel southward in all EXP 
simulations, and increased SO2 concentrations were less widespread in EXP30 than in the 
other simulations (Figures 4.5.8a, c, e, g and 4.5.9a, c, e, g).  At the 850 mb level, there 
was small increase in concentrations for EXP30-CTRL. However, increases of up to 300 
pptv for EXP20-CTRL and up to 60 pptv for EXP10-CTRL and EXPAVG-CTRL were 
also found (Figures 4.5.8b, d, f, h and 4.5.9b, d, f, h).  
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Figure 4.5.6. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 8, 2012.  The areas enclosed by box 
(b) are expanded in Figure 4.5.7. 
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Figure 4.5.7. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.6. 
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Figure 4.5.8. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 9, 2012.  The areas enclosed by box 
(b) are expanded in Figure 4.5.9. 
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Figure 4.5.9. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.8. 
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 At 0000 UTC on July 10, the surface emissions began to travel toward the south-
southwest.  While SO2 concentrations exceeding 700 pptv above CTRL remained limited 
to the emission locations, concentrations up to 500 pptv spread into parts of eastern 
Missouri from the western emission locations, and those from the location to the east 
continued to travel toward the south into the Land Between the Lakes area in EXPAVG 
and EXP10.  In EXP20 and EXP30, localized concentrations around the emission 
locations were higher, but the spatial range was more limited (Appendix: Figures 35a, c, 
e, g and 36a, c, e, g). For the area near the emission sources at the 850 mb level, 
increased concentrations were also travelling toward the south-southwest, but were less 
widespread than those at the surface (Appendix: Figures 35b, d, f, h and 36b, d, f, h). 
 Surface emissions at 1200 UTC on July 10 remained limited to western Kentucky 
and southern Illinois in EXPAVG and EXP10.  In EXP20 and EXP30, emissions traveled 
more toward the west into eastern Missouri with a larger area of SO2 concentrations up to 
300 pptv above CTRL (Appendix: Figures 37a, c, e, g and 38 a, c, e, g). At the 850 mb 
level, there was a band of increased concentrations to the west of the emission locations 
in eastern Missouri and northern Arkansas.  The location of greatest increase within the 
band differed between simulations, with the greatest increase exceeding 100 pptv above 
CTRL over eastern Missouri in EXP10, across the state boundary between Missouri and 
Arkansas in EXPAVG, and over northern Arkansas only in EXP20 and EXP 30.  
(Appendix: Figures 37b, d, f, h and 38b, d, f, h). 
 Emissions at the surface traveled toward the west from all locations at 0000 UTC 
and 1200 UTC on July 11, with SO2 concentrations exceeding 100 pptv above CTRL in 
southern Illinois and southeastern Missouri in all EXP simulations.  In EXP20 and 
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EXP30, emissions also entered extreme northeastern Arkansas (Appendix: Figures 39-
42).  At the 850 mb level, SO2 concentrations in all EXP simulations were more 
widespread than those at the surface, with increased emissions travelling farther into 
northeastern Arkansas in all cases.  Increases in concentrations of up to 40 pptv were also 
present downstream of the most recent emissions in northwestern Arkansas.  The earlier 
emissions to the east had drifted southwest into eastern Kentucky, western Virginia, and 
northeastern Tennessee at both the surface and 850 mb levels, with the highest increases 
from CTRL continuing to exceed 100 pptv (Appendix: Figures 39-42). 
 Surface emissions turned more toward the north and northwest from their sources 
at 0000 UTC on July 12.  Emissions in EXPAVG were limited to southern Illinois, but 
those in EXP10, EXP20, and EXP30 also entered southeastern Missouri (Appendix: 
Figures 43a, c, e, g and 44a, c, e, g). There were more differences between emission 
sources at the 850 mb level, as only emissions from the easternmost location were 
apparent in EXPAVG and EXP10.  Emissions originating from the western locations 
were more visible in EXP20 and EXP30 as concentrations exceeding 100 pptv above 
CTRL spread through southeastern Missouri (Appendix: Figures 43b, d, f, h and 44b, d, f, 
h). 
 Emissions were travelling much farther to the north and northwest into Illinois 
and Missouri at 1200 UTC on July 12, with concentrations exceeding 80 pptv above 
CTRL in these areas in all EXP simulations (Figures 4.5.10a, c, e, g and 4.5.11a, c, e, g).  
This expansion of increased SO2 concentrations from CTRL is likely due, in part, to 
precipitation moving southward from the emission locations at this time.  There was also 
a large area of increase of up to 300 pptv above CTRL in much of Ohio and part of 
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Indiana coincident with the northern boundary of the inner domain, and it is uncertain if 
this was related to the emissions. At the 850 mb level, the counterclockwise rotation of 
winds caused emissions to turn toward the southwest and move across Missouri with 
more evident concentration increases of over 100 pptv above CTRL present in EXP20 
and EXP30 (Figures 4.5.10b, d, f, h and 4.5.11b, d, f, h). 
 At 0000 UTC on July 13, emissions were traveling toward the west into southern 
Illinois and southeastern Missouri at the surface in all EXP simulations.  Additionally, 
emissions remained more spatially compact than at earlier times, with high concentrat-
ions forming narrow bands. The highest concentrations exceeding 1,000 pptv above 
CTRL also extended farther from their sources than previously (Appendix: Figures 44a, 
c, e, g and 45a, c, e, g). At the 850 mb level, only the emissions at the western extent of 
their effective areas at the surface were apparent, reaching up to 900 pptv above CTRL 
(Appendix: Figures 44b, d, f, h and 45b, d, f, h). 
 By 1200 UTC on July 13 and through 0000 UTC on July 14, surface emissions 
did not travel very far from any of their sources at the surface, as SO2 concentrations 
quickly dropped to near the CTRL levels with distance.  Farther to the west in Arkansas 
and Missouri, however, there remained an increase in concentrations from CTRL of up to 
300 pptv.  As emissions 12 hours prior were in the direction of the areas of increase, 
these areas were likely continuations of prior emissions.  At the 850 mb level, the 
immediate emissions around their sources were completely absent, but the prior 
emissions to the west were still present, reaching up to 300 pptv above CTRL in areas 
oriented along the northerly flow of wind associated with counterclockwise rotation 
(Appendix: Figures 46-50). 
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Figure 4.5.10. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 12, 2012.  The areas enclosed by 
box (b) are expanded in Figure 4.5.11. 
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Figure 4.5.11. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 4.5.10. 
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4.6. Experimental Simulation SO2 Spatial Ranges 
 The spatial extent of increased SO2 concentrations around the emissions locations 
varied throughout the seven-day period.  In this section, the changes in the size of area 
affected by increased SO2 concentrations during the different experimental simulations 
and the relation to precipitation are discussed.  The area with SO2 concentration increases 
from CTRL exceeding 100 pptv at the surface had reached around 15,000 km2 after 1200 
UTC on July 7 for all simulations.  However, when hourly precipitation increased across 
the inner domain (by 1800 UTC), the area with an SO2 concentration of a >100 pptv 
increase (EXP-CTRL) was reduced to about 3,000 km2.   After the end of precipitation on 
July 8 (0300 UTC), this area expanded and reached near 38,000 km2 by about 1500 UTC.  
The second wave of precipitation began after this time and the area of SO2 increase again 
fell to near 5,000 km2 by 0000 UTC on July 9.  The maximum range in the size of 
affected areas among all EXP simulations was as much as 27,000 km2 on July 10.  This 
oscillation of size of the affected area continued daily for the remainder of the period, 
coinciding with increases and decreases of precipitation (Figure 4.6.1). 
  Similar results were found for the area close to the three specific emission 
locations in the western Kentucky area, but there was much more relative variability in 
the area of increased concentrations over time, likely due to a smaller area of focus 
(Figure 4.6.2).  The area of increased concentrations of >100 pptv over CTRL decreased 
as much as 10,000 km2 in all simulations prior to increased precipitation occurred on 
every day in the simulation period except July 9, followed by expansions of area after 
precipitation had ended.  These expansions occurred between 1200 UTC and 1500 UTC 
on each day. (Figure 4.6.2). 
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 At the 850 mb level across the inner domain, the areas with SO2 concentration 
where EXP-CTRL was >100 pptv were less expansive than at the surface.  The maximum 
area of increase at this level was reached between 1200 UTC on July 10 and 1200 UTC 
on July 11 with simulations ranging between 25,000 km2 in EXPAVG to 50,000 km2 in 
EXP30, followed by areal decrease with increasing precipitation (Figure 4.6.3).  A third 
slightly smaller peak in the area of increased concentrations occurred on July 12 at the 
850 mb level, ranging from 12,000 km2 in EXPAVG to 40,000 km2 in EXP30 (Figure 
4.6.3).  In the area near the changed emission locations at the 850 mb level, the area of 
SO2 concentrations >100 pptv above CTRL increased to between 9,000 and 11,000 km
2 
in all EXP simulations on July 8 and decreased to near zero after the precipitation early 
on July 9 with the exception of EXP20.  The two large peaks in the area of increased SO2  
for the entire inner domain were also reflected to a lesser extent in the CAFO context on 
July 10 and 11, and the area disappeared after the larger amount of precipitation  on July 
12 (Figure 4.6.4).  There was little to no observable area with increases in SO2 
concentrations at least 100 pptv for EXP-CTRL above the 850 mb level. 
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Figure 4.6.1. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the surface throughout the period in all EXP simulations (colored 
lines) and the area-averaged hourly precipitation for the inner domain in CTRL (blue 
bars).  Dates represent 0000 UTC. 
 
Figure 4.6.2. The area (km2) of the vicinity of the CAFO emission locations with SO2 
concentrations exceeding 100 pptv above CTRL at the surface throughout the period in 
all EXP simulations (colored lines) and the area-averaged hourly precipitation for the 
same area in CTRL (blue bars).  Dates represent 0000 UTC. 
 
  63 
 
Figure 4.6.3. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the 850 mb level throughout the period in all EXP simulations 
(colored lines) and the area-averaged hourly precipitation for the inner domain in CTRL 
(blue bars).  Dates represent 0000 UTC. 
 
 
Figure 4.6.4. The area (km2) of box B in the vicinity of the CAFO emission locations 
with SO2 concentrations exceeding 100 pptv above CTRL at the 850 mb level throughout 
the period in all EXP simulations (colored lines) and the area-averaged hourly 
precipitation for box B in CTRL (blue bars).  Dates represent 0000 UTC. 
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Chapter 5 
Conclusions 
 
 The objective of this thesis has been to simulate and analyze the SO2 emissions 
from CAFOs in western Kentucky during wet and dry periods in terms of concentration 
and geographic spread.  These emissions were analyzed horizontally and vertically during 
a one-week period of convective precipitation in July 2012.  Due to the chemical reaction 
of SO2 with water vapor, the hypothesis was that the presence of precipitation over the 
emission locations would result in changes to atmospheric concentration of SO2 in their 
vicinity, and that the geographic spread of emissions would change during precipitation 
in comparison to drier conditions.  A control simulation and four emissions change 
simulations were performed using the WRF-Chem model, and SO2 emissions at these 
locations were increased in the change simulations and then compared to the control 
simulation in order to isolate the simulated CAFO emissions from background SO2. 
 Lower-level SO2 concentrations in the control simulation decreased to below 20 
pptv with precipitation occurrence and increased to over 40 pptv during the drier periods 
following rainfall.  This was likely due to the reaction of SO2 with water and oxygen to 
form sulfuric acid (H2SO4) (Menz and Seip, 2004).  Overall, background SO2 
concentrations tended to be greater at higher levels than those closer to the surface, and 
one contributing factor is the presence of liquid precipitation reacting with SO2 in the 
lower levels.  Concentrations of SO2 in the upper levels over dry areas reached up to 100 
pptv, while those over precipitation ranged between 0 and 30 pptv. 
 When emissions were increased from the control simulation in successive 
experimental simulations, increased SO2 concentrations spread much farther from the 
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CAFO emissions locations before and after precipitation occurred in the area.  These 
areas of concentrations over 100 pptv above CTRL exceeded 60,000 km2 on July 10 and 
July 12.  In most cases, however, the highest increases in SO2 of over 1,000 pptv greater 
than the control simulation stayed limited to an area within a few kilometers of the 
emission sources.  Exceptions to this occurred when lower-level wind speeds in the 
vicinity were greater, causing these 1,000+ pptv concentrations to travel farther from 
their sources before being influenced by other factors.  Beyond the emission locations, 
any increases in SO2 concentrations above CTRL were mostly under 300 pptv.  Wind 
direction was the main controlling factor in determining the areas of increased 
concentrations at any given time, especially during drier conditions, which allowed SO2 
to persist for longer periods. 
 This research can be improved and expanded in several ways.  For instance, the 
simulation period used in this study extended over seven days.  However, many of the 
major changes in SO2 concentrations observed between dry and wet periods occurred 
within the first four days. With this in mind, future simulations of this kind can have a 
shorter duration and, therefore, save considerable time.  Besides SO2, CAFOs also emit 
other sulfur compounds such as hydrogen sulfide (H2S), which, in turn, can yield SO2 
through atmospheric chemical interactions.  Additional simulations using H2S during the 
same period can be compared to the preceding SO2 simulations in order to find a 
secondary relationship beyond that with precipitation occurrence. 
 Additionally, the methods used in this research can be applied to other studies.  
As point emissions were simply averaged, multiplied by various factors, and compared 
with a control simulation, this method can be used in many other cases beyond CAFO 
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emissions in order to simulate where emissions travel and their possible concentrations 
over time from point locations.  This method may also be applied to other locations and 
under different meteorological conditions.  These emission simulations contribute to the 
research done in other studies that have focused on CAFO emissions (Quintanar et al., 
2013; Loughrin et al., 2011), which showed that the impacts of CAFOs on air quality 
warrant attention due to the portion of the population that lives near these operations. 
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APPENDIX 
 
Figure 1. Daily surface maps for the July 7-13, 2012 event (NCEP, 2012). 
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Figure 2. Daily accumulated precipitation during the July 7-13, 2012, event (AHPS, 
2012). 
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Figure 3. Radar imagery for the inner domain during the July 7-13, 2012 event (NCEP, 
2012). 
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Figure 4. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 7, 2012. (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
 
 
Figure 5. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 8, 2012, (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
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Figure 6. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 9, 2012, (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
 
 
Figure 7. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 10, 2012, (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
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Figure 8. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 11, 2012, (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
 
 
Figure 9. 24-hour accumulated precipitation (mm) over the core of the inner domain 
starting at 1200 UTC on July 12, 2012, (a) from Doppler radar estimates by the AHPS 
(2012), and (b) from the WRF-Chem control simulation. 
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Figure 10. Inner domain 2-meter temperature (°C) for the July 7-13, 2012, event. 
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Table 1. Precipitation, temperature, and PBL height area averages for the inner domain. 
 
Inner Domain 
Average 
Acc.  
Precip. 
(mm) 
12-hr 
Precip. 
(mm) 
2-m  
Temp.  
(°C) 
PBL  
Height 
(m) 
0000 UTC, 7/08 2.02 0.00 32.4 687 
1200 UTC, 7/08 2.45 0.43 24.3 468 
0000 UTC, 7/09 5.95 3.50 27.3 738 
1200 UTC, 7/09 9.01 3.06 21.3 322 
0000 UTC, 7/10 12.57 3.56 27.9 595 
1200 UTC, 7/10 13.94 1.47 21.2 247 
0000 UTC, 7/11 16.99 3.05 27.3 693 
1200 UTC, 7/11 18.99 2.00 20.6 310 
0000 UTC, 7/12 23.99 5.00 26.7 705 
1200 UTC, 7/12 26.90 2.91 20.6 330 
0000 UTC, 7/13 32.38 5.48 26.5 892 
1200 UTC, 7/13 34.60 2.22 20.9 455 
0000 UTC, 7/14 39.07 4.47 26.8 689 
 
Table 2. Precipitation, temperature, and PBL height area averages for the vicinity of the 
CAFO emission locations. 
 
Western KY 
Average 
Acc.  
Precip. 
(mm) 
12-hr 
Precip. 
(mm) 
2-m  
Temp.  
(°C) 
PBL  
Height 
(m) 
0000 UTC, 7/08 0.03 0.00 36.8 806 
1200 UTC, 7/08 0.07 0.04 25.7 442 
0000 UTC, 7/09 5.54 5.47 25.6 601 
1200 UTC, 7/09 9.97 4.43 21.7 236 
0000 UTC, 7/10 11.58 2.61 29.4 421 
1200 UTC, 7/10 12.75 1.17 21.7 164 
0000 UTC, 7/11 13.62 0.87 28.6 338 
1200 UTC, 7/11 13.75 0.13 21.1 215 
0000 UTC, 7/12 16.77 3.02 27.0 451 
1200 UTC, 7/12 17.57 0.80 20.5 292 
0000 UTC, 7/13 24.36 6.79 25.4 996 
1200 UTC, 7/13 26.82 2.46 21.5 455 
0000 UTC, 7/14 33.08 6.26 26.5 447 
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Table 3. July 2012 event wind speed at different levels over inner domain. 
Inner Domain 
Average 
Surface 
(ms-1) 
850 mb 
(ms-1) 
700 mb 
(ms-1) 
500 mb 
(ms-1) 
300 mb 
(ms-1) 
0000 UTC, 6/24 4.04 4.81 5.24 6.05 9.43 
1200 UTC, 6/24 3.41 5.73 4.71 6.19 9.58 
0000 UTC, 6/25 4.90 7.14 5.75 6.55 8.41 
1200 UTC, 6/25 2.08 5.73 5.28 6.75 8.61 
0000 UTC, 6/26 3.50 5.13 5.02 5.94 10.78 
1200 UTC, 6/26 1.92 4.77 5.73 6.13 9.50 
0000 UTC, 6/27 3.94 6.16 4.35 4.84 10.42 
1200 UTC, 6/27 2.34 4.36 4.15 5.52 8.85 
0000 UTC, 6/28 3.77 6.24 4.71 3.90 9.12 
1200 UTC, 6/28 2.36 5.03 5.34 5.35 9.18 
0000 UTC, 6/29 4.09 7.60 6.13 4.70 9.57 
1200 UTC, 6/29 2.85 6.47 6.35 6.13 9.96 
0000 UTC, 6/30 3.60 5.97 6.32 6.62 10.48 
 
Table 4. July 2012 event wind speed at different levels over the vicinity of the CAFO 
emission locations. 
 
Western KY 
Average 
Surface 
(ms-1) 
850 mb 
(ms-1) 
700 mb 
(ms-1) 
500 mb 
(ms-1) 
300 mb 
(ms-1) 
0000 UTC, 6/24 3.81 4.34 5.56 7.31 14.83 
1200 UTC, 6/24 4.02 4.10 4.37 4.08 12.32 
0000 UTC, 6/25 5.29 8.62 4.81 5.09 5.25 
1200 UTC, 6/25 1.49 3.25 2.80 3.64 3.87 
0000 UTC, 6/26 3.27 4.39 2.28 3.17 7.09 
1200 UTC, 6/26 1.87 6.03 3.37 4.38 10.97 
0000 UTC, 6/27 3.53 7.31 3.32 3.81 14.26 
1200 UTC, 6/27 2.31 6.49 4.13 3.78 13.14 
0000 UTC, 6/28 3.43 6.86 5.59 2.33 11.56 
1200 UTC, 6/28 2.51 5.67 6.14 3.20 10.65 
0000 UTC, 6/29 5.03 8.54 6.06 3.59 13.57 
1200 UTC, 6/29 2.95 4.91 4.70 4.96 13.72 
0000 UTC, 6/30 3.22 5.06 5.22 6.30 15.18 
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Table 5. July 2012 event SO2 concentrations at different levels over the inner domain. 
 
Inner Domain 
Average 
Surface 
(pptv) 
850 mb 
(pptv) 
700 mb 
(pptv) 
500 mb 
(pptv) 
300 mb 
(pptv) 
0000 UTC, 6/24 58.9 68.2 65.9 67.3 79.3 
1200 UTC, 6/24 24.4 63.9 62.6 62.9 82.5 
0000 UTC, 6/25 32.5 42.3 41.4 37.9 59.3 
1200 UTC, 6/25 16.7 45.6 43.1 35.3 55.7 
0000 UTC, 6/26 33.8 40.2 37.4 32.8 50.1 
1200 UTC, 6/26 22.5 46.6 46.4 40.4 62.5 
0000 UTC, 6/27 34.3 41.1 36.9 38.9 56.7 
1200 UTC, 6/27 20.1 39.2 41.1 44.2 67.4 
0000 UTC, 6/28 24.8 31.1 26.5 38.8 55.6 
1200 UTC, 6/28 11.8 29.4 30.0 43.7 55.3 
0000 UTC, 6/29 18.2 25.2 21.8 32.9 44.9 
1200 UTC, 6/29 9.0 26.4 25.0 33.1 53.5 
0000 UTC, 6/30 15.4 21.6 23.8 29.7 58.7 
 
Table 6. July 2012 event SO2 concentrations at different levels over the vicinity of the 
CAFO emission locations. 
 
CAFO Vicinity 
Average 
Surface 
(pptv) 
850 mb 
(pptv) 
700 mb 
(pptv) 
500 mb 
(pptv) 
300 mb 
(pptv) 
0000 UTC, 6/24 77.7 80.0 74.6 85.3 85.9 
1200 UTC, 6/24 21.9 72.0 63.6 78.3 91.9 
0000 UTC, 6/25 19.9 33.2 32.8 46.9 60.2 
1200 UTC, 6/25 6.5 28.1 22.3 22.8 40.3 
0000 UTC, 6/26 23.2 31.6 33.8 20.5 46.0 
1200 UTC, 6/26 7.7 35.4 59.6 11.1 33.7 
0000 UTC, 6/27 29.2 36.3 44.3 14.3 57.7 
1200 UTC, 6/27 8.6 31.9 25.6 19.9 77.3 
0000 UTC, 6/28 18.9 29.3 18.8 20.7 59.0 
1200 UTC, 6/28 7.8 17.7 8.5 22.4 37.6 
0000 UTC, 6/29 6.5 11.6 1.8 6.0 59.2 
1200 UTC, 6/29 1.0 2.1 0.3 6.3 23.3 
0000 UTC, 6/30 2.2 3.3 2.7 10.3 63.2 
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Figure 11. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 8, 2012.  The areas enclosed by 
box (b) are expanded in Figure 12. 
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Figure 12. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 11. 
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Figure 13. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 9, 2012.  The areas enclosed by 
box (b) are expanded in Figure 14. 
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Figure 14. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 13. 
 
 
  88 
 
 
Figure 15. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 10, 2012.  The areas enclosed 
by box (b) are expanded in Figure 16. 
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Figure 16. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 15. 
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Figure 17. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 10, 2012.  The areas enclosed 
by box (b) are expanded in Figure 18. 
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Figure 18. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 17. 
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Figure 19. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 11, 2012.  The areas enclosed 
by box (b) are expanded in Figure 20. 
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Figure 20. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 19. 
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Figure 21. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 11, 2012.  The areas enclosed 
by box (b) are expanded in Figure 22. 
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Figure 22. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 21. 
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Figure 23. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 12, 2012.  The areas enclosed 
by box (b) are expanded in Figure 24. 
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Figure 24. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 23. 
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Figure 25. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 13, 2012.  The areas enclosed 
by box (b) are expanded in Figure 26. 
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Figure 26. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 25. 
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Figure 27. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 1200 UTC on July 13, 2012.  The areas enclosed 
by box (b) are expanded in Figure 28. 
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Figure 28. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 27. 
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Figure 29. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in the inner domain in CTRL at 0000 UTC on July 14, 2012.  The areas enclosed 
by box (b) are expanded in Figure 30. 
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Figure 30. SO2 concentrations (pptv) and horizontal wind vectors (m s
-1) for different 
levels in box (b) from Figure 29. 
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Table 7. July 2012 event area averages of surface SO2 concentrations for all simulations 
over the inner domain. 
 
Inner Domain 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 58.9 64.4 65.2 65.7 66.3 
1200 UTC, 7/08 24.4 32.3 32.9 34.5 34.2 
0000 UTC, 7/09 32.5 38.0 39.1 39.2 40.5 
1200 UTC, 7/09 16.7 20.6 21.1 21.2 19.9 
0000 UTC, 7/10 33.8 40.7 43.5 41.6 44.0 
1200 UTC, 7/10 22.5 32.4 33.0 34.0 36.5 
0000 UTC, 7/11 34.3 42.3 42.3 44.8 47.9 
1200 UTC, 7/11 20.1 27.7 31.5 29.5 32.5 
0000 UTC, 7/12 24.8 35.3 37.7 37.0 38.1 
1200 UTC, 7/12 11.8 27.8 28.4 31.3 30.7 
0000 UTC, 7/13 18.2 27.5 28.7 27.4 30.6 
1200 UTC, 7/13 9.0 16.8 14.8 14.6 17.5 
0000 UTC, 7/14 15.4 20.3 19.9 20.2 21.2 
 
Table 8. July 2012 event area averages of surface SO2 concentrations for all simulations 
over the vicinity of the CAFO emission locations. 
 
Western KY 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 77.7 152.8 166.1 167.9 177.9 
1200 UTC, 7/08 21.9 92.1 105.5 118.2 111.7 
0000 UTC, 7/09 19.9 76.0 92.0 93.4 107.3 
1200 UTC, 7/09 6.5 58.8 54.2 55.9 43.7 
0000 UTC, 7/10 23.2 83.0 130.2 90.8 116.8 
1200 UTC, 7/10 7.7 73.1 90.0 64.3 91.9 
0000 UTC, 7/11 29.2 85.8 89.0 108.1 130.0 
1200 UTC, 7/11 8.6 65.5 83.3 75.6 100.1 
0000 UTC, 7/12 18.9 79.8 90.8 77.4 94.1 
1200 UTC, 7/12 7.8 66.8 64.3 69.6 69.6 
0000 UTC, 7/13 6.5 90.8 109.4 99.2 119.5 
1200 UTC, 7/13 1.0 30.7 29.4 28.5 32.1 
0000 UTC, 7/14 2.2 47.3 35.1 44.1 53.5 
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Table 9. July 2012 event area averages of 850 mb SO2 concentrations for all simulations 
over the inner domain. 
 
Inner Domain 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 68.2 71.7 71.8 72.4 72.7 
1200 UTC, 7/08 63.9 67.0 67.4 68.2 68.0 
0000 UTC, 7/09 42.3 45.6 45.5 45.7 47.2 
1200 UTC, 7/09 45.6 46.1 46.2 47.1 45.3 
0000 UTC, 7/10 40.2 43.4 42.7 43.2 44.1 
1200 UTC, 7/10 46.6 48.9 48.2 48.1 49.5 
0000 UTC, 7/11 41.1 50.2 50.0 48.6 53.0 
1200 UTC, 7/11 39.2 47.5 48.5 49.7 51.5 
0000 UTC, 7/12 31.1 34.7 37.9 39.0 40.4 
1200 UTC, 7/12 29.4 31.6 32.4 33.8 36.0 
0000 UTC, 7/13 25.2 26.5 27.0 27.5 28.4 
1200 UTC, 7/13 26.4 25.7 27.4 27.8 28.2 
0000 UTC, 7/14 21.6 22.2 22.7 23.1 23.8 
 
Table 10. July 2012 event area averages of 850 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations. 
 
Western KY 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 80.0 130.2 131.6 140.9 146.2 
1200 UTC, 7/08 72.0 102.0 103.7 109.4 111.7 
0000 UTC, 7/09 33.2 63.8 62.9 59.8 77.6 
1200 UTC, 7/09 28.1 36.3 34.9 42.0 33.4 
0000 UTC, 7/10 31.6 51.3 46.4 39.4 56.8 
1200 UTC, 7/10 35.4 36.3 43.4 32.7 37.5 
0000 UTC, 7/11 36.3 79.6 92.4 65.8 96.4 
1200 UTC, 7/11 31.9 42.6 40.3 51.7 60.4 
0000 UTC, 7/12 29.3 40.5 59.4 65.0 79.4 
1200 UTC, 7/12 17.7 18.2 16.5 16.2 23.1 
0000 UTC, 7/13 11.6 16.0 15.9 15.2 23.1 
1200 UTC, 7/13 2.1 2.9 0.7 0.4 1.1 
0000 UTC, 7/14 3.3 11.8 4.3 7.6 7.9 
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Table 11. July 2012 event area averages of 700 mb SO2 concentrations for all 
simulations over the inner domain. 
 
Inner Domain 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 65.9 67.0 67.1 67.6 67.2 
1200 UTC, 7/08 62.6 63.7 64.0 64.0 64.1 
0000 UTC, 7/09 41.4 41.5 42.2 41.8 42.6 
1200 UTC, 7/09 43.1 43.9 44.3 43.2 43.2 
0000 UTC, 7/10 37.4 37.6 37.4 37.4 36.6 
1200 UTC, 7/10 46.4 46.6 46.2 45.5 44.8 
0000 UTC, 7/11 36.9 37.2 36.4 36.6 36.1 
1200 UTC, 7/11 41.1 41.1 41.5 41.7 42.6 
0000 UTC, 7/12 26.5 27.3 27.6 27.7 28.9 
1200 UTC, 7/12 30.0 30.7 31.0 30.3 31.2 
0000 UTC, 7/13 21.8 21.9 22.7 22.4 22.8 
1200 UTC, 7/13 25.0 25.3 25.9 25.4 26.4 
0000 UTC, 7/14 23.8 24.4 24.5 23.5 25.2 
 
Table 12. July 2012 event area averages of 700 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations. 
 
Western KY 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 74.6 90.2 94.1 95.1 95.9 
1200 UTC, 7/08 63.6 77.3 78.6 80.0 82.9 
0000 UTC, 7/09 32.8 39.0 38.5 39.1 42.9 
1200 UTC, 7/09 22.3 23.9 20.5 23.9 19.7 
0000 UTC, 7/10 33.8 31.0 28.4 23.9 22.3 
1200 UTC, 7/10 59.6 54.2 57.7 49.5 53.4 
0000 UTC, 7/11 44.3 42.1 42.7 36.4 36.2 
1200 UTC, 7/11 25.6 23.5 30.0 21.4 25.2 
0000 UTC, 7/12 18.8 19.0 20.2 22.4 26.0 
1200 UTC, 7/12 8.5 9.2 7.2 7.5 12.1 
0000 UTC, 7/13 1.8 2.4 1.3 0.9 2.2 
1200 UTC, 7/13 0.3 0.6 0.5 0.5 0.5 
0000 UTC, 7/14 2.7 4.4 2.6 2.5 3.3 
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Table 13. July 2012 event area averages of 500 mb SO2 concentrations for all 
simulations over the inner domain. 
 
Inner Domain 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 67.3 67.5 67.3 67.3 67.0 
1200 UTC, 7/08 62.9 62.7 62.6 63.1 62.9 
0000 UTC, 7/09 37.9 38.2 37.7 37.7 38.5 
1200 UTC, 7/09 35.3 36.5 34.8 34.7 35.6 
0000 UTC, 7/10 32.8 33.8 31.5 32.1 31.7 
1200 UTC, 7/10 40.4 40.5 39.9 40.7 42.7 
0000 UTC, 7/11 38.9 39.0 39.9 40.8 42.2 
1200 UTC, 7/11 44.2 45.3 45.2 46.9 47.0 
0000 UTC, 7/12 38.8 39.5 39.6 40.5 41.5 
1200 UTC, 7/12 43.7 44.3 43.8 45.0 45.8 
0000 UTC, 7/13 32.9 33.5 33.5 34.0 33.0 
1200 UTC, 7/13 33.1 32.9 32.5 33.4 32.3 
0000 UTC, 7/14 29.7 30.4 30.0 29.1 29.1 
 
Table 14. July 2012 event area averages of 500 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations. 
 
Western KY 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 85.3 85.2 85.3 84.8 84.9 
1200 UTC, 7/08 78.3 77.0 77.5 77.2 76.9 
0000 UTC, 7/09 46.9 47.5 47.0 48.7 51.2 
1200 UTC, 7/09 22.8 23.2 24.1 27.6 19.9 
0000 UTC, 7/10 20.5 23.9 16.2 21.7 17.4 
1200 UTC, 7/10 11.1 11.2 6.4 13.9 18.8 
0000 UTC, 7/11 14.3 13.5 24.0 23.2 34.3 
1200 UTC, 7/11 19.9 20.4 25.9 28.7 37.9 
0000 UTC, 7/12 20.7 26.4 26.6 26.5 37.9 
1200 UTC, 7/12 22.4 20.6 19.6 22.2 27.3 
0000 UTC, 7/13 6.0 4.1 4.0 5.7 5.5 
1200 UTC, 7/13 6.3 6.5 8.0 5.3 5.1 
0000 UTC, 7/14 10.3 12.9 6.6 7.6 4.2 
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Table 15. July 2012 event area averages of 300 mb SO2 concentrations for all 
simulations over the inner domain. 
 
Inner Domain 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 79.3 79.4 79.2 79.6 79.8 
1200 UTC, 7/08 82.5 82.8 82.6 83.1 82.9 
0000 UTC, 7/09 59.3 59.5 59.9 59.3 59.8 
1200 UTC, 7/09 55.7 56.1 56.8 54.5 53.4 
0000 UTC, 7/10 50.1 51.0 53.1 50.8 50.8 
1200 UTC, 7/10 62.5 63.9 67.8 65.9 68.1 
0000 UTC, 7/11 56.7 59.0 61.7 60.2 62.6 
1200 UTC, 7/11 67.4 68.3 67.2 69.2 68.3 
0000 UTC, 7/12 55.6 56.3 54.3 55.6 55.6 
1200 UTC, 7/12 55.3 55.3 53.4 56.0 54.0 
0000 UTC, 7/13 44.9 44.7 42.0 46.3 44.8 
1200 UTC, 7/13 53.5 53.7 51.5 54.0 53.0 
0000 UTC, 7/14 58.7 60.5 59.8 60.3 58.3 
 
 
 
 
Table 16. July 2012 event area averages of 300 mb SO2 concentrations for all 
simulations over the vicinity of the CAFO emission locations. 
 
Western KY 
Average 
CTRL 
(pptv) 
EXPAVG 
(pptv) 
EXP10 
(pptv) 
EXP20 
(pptv) 
EXP30 
(pptv) 
0000 UTC, 7/08 85.9 85.9 85.7 85.8 85.9 
1200 UTC, 7/08 91.9 92.4 91.6 92.1 92.3 
0000 UTC, 7/09 60.2 65.7 64.7 63.1 66.1 
1200 UTC, 7/09 40.3 37.3 54.8 36.6 33.7 
0000 UTC, 7/10 46.0 49.4 48.1 37.9 45.9 
1200 UTC, 7/10 33.7 42.5 55.1 47.8 62.5 
0000 UTC, 7/11 57.7 63.7 69.8 56.8 57.4 
1200 UTC, 7/11 77.3 75.1 67.8 81.3 89.5 
0000 UTC, 7/12 59.0 46.5 49.4 37.3 31.6 
1200 UTC, 7/12 37.6 26.3 24.6 37.6 28.2 
0000 UTC, 7/13 59.2 59.9 50.1 49.5 49.7 
1200 UTC, 7/13 23.3 24.4 25.4 27.2 23.9 
0000 UTC, 7/14 63.2 61.0 61.2 61.0 60.2 
 
 
 
  109 
 
 
Figure 31. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 8, 2012.  The areas enclosed by box 
(b) are expanded in Figure 32. 
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Figure 32. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 31. 
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Figure 33. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 9, 2012.  The areas enclosed by box 
(b) are expanded in Figure 34. 
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Figure 34. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 33. 
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Figure 35. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 10, 2012.  The areas enclosed by 
box (b) are expanded in Figure 36. 
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Figure 36. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 35. 
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Figure 37. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 10, 2012.  The areas enclosed by 
box (b) are expanded in Figure 38. 
  116 
 
 
Figure 38. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 37. 
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Figure 39. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 11, 2012.  The areas enclosed by 
box (b) are expanded in Figure 40. 
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Figure 40. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 39. 
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Figure 41. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 11, 2012.  The areas enclosed by 
box (b) are expanded in Figure 42. 
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Figure 42. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 41. 
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Figure 43. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 12, 2012.  The areas enclosed by 
box (b) are expanded in Figure 44. 
  122 
 
 
Figure 44. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 43. 
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Figure 45. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 13, 2012.  The areas enclosed by 
box (b) are expanded in Figure 46. 
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Figure 46. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 45. 
 
  125 
 
 
Figure 47. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 1200 UTC on July 13, 2012.  The areas enclosed by 
box (b) are expanded in Figure 48. 
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Figure 48. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 47. 
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Figure 49. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within the inner domain for each of the 
emissions increase simulations at 0000 UTC on July 14, 2012.  The areas enclosed by 
box (b) are expanded in Figure 50. 
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Figure 50. Changes in SO2 concentrations (pptv) from CTRL and horizontal wind 
vectors (m s-1) at the surface and 850 mb levels within box (b) from Figure 49. 
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Table 17. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the surface in all EXP simulations. 
 
Surface 
EXPAVG 
(km2) 
EXP10 
(km2) 
EXP20 
(km2) 
EXP30 
(km2) 
0000 UTC, 7/08 7,968 8,304 8,368 7,984 
1200 UTC, 7/08 13,664 13,600 15,120 15,264 
0000 UTC, 7/09 4,016 5,600 4,976 6,192 
1200 UTC, 7/09 4,512 3,840 5,360 3,472 
0000 UTC, 7/10 21,072 21,840 19,520 21,072 
1200 UTC, 7/10 10,784 14,464 16,624 19,216 
0000 UTC, 7/11 11,424 11,920 15,600 23,744 
1200 UTC, 7/11 10,416 20,816 12,464 16,816 
0000 UTC, 7/12 22,928 23,504 22,320 23,376 
1200 UTC, 7/12 35,456 39,472 51,760 49,680 
0000 UTC, 7/13 15,744 13,664 9,200 11,984 
1200 UTC, 7/13 9,632 5,744 5,808 9,664 
0000 UTC, 7/14 1,872 3,456 3,472 5,424 
 
 
Table 18. The area (km2) of the inner domain with SO2 concentrations exceeding 100 
pptv above CTRL at the 850 mb level in all EXP simulations. 
 
850 mb 
EXPAVG 
(km2) 
EXP10 
(km2) 
EXP20 
(km2) 
EXP30 
(km2) 
0000 UTC, 7/08 8,448 7,968 8,768 8,832 
1200 UTC, 7/08 12,080 10,000 12,880 13,760 
0000 UTC, 7/09 6,144 7,216 6,112 10,528 
1200 UTC, 7/09 0 0 6,304 0 
0000 UTC, 7/10 13,072 11,120 13,008 15,792 
1200 UTC, 7/10 6,544 2,784 7,472 11,920 
0000 UTC, 7/11 22,416 23,008 21,760 32,080 
1200 UTC, 7/11 22,512 33,040 31,600 43,536 
0000 UTC, 7/12 8,432 17,424 22,544 25,664 
1200 UTC, 7/12 0 32 3,008 15,120 
0000 UTC, 7/13 4,784 3,104 3,312 6,528 
1200 UTC, 7/13 1,280 1,712 512 3,712 
0000 UTC, 7/14 2,416 48 1,936 1,280 
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Table 19. The area (km2) in the vicinity of the CAFO emission locations with SO2 
concentrations exceeding 100 pptv above CTRL at the surface in all EXP simulations. 
 
Surface 
EXPAVG 
(km2) 
EXP10 
(km2) 
EXP20 
(km2) 
EXP30 
(km2) 
0000 UTC, 7/08 7,968 8,304 8,368 7,984 
1200 UTC, 7/08 8,848 9,792 9,968 9,584 
0000 UTC, 7/09 2,960 4,416 2,944 2,848 
1200 UTC, 7/09 4,416 3,584 4,832 2,864 
0000 UTC, 7/10 9,200 11,040 7,264 8,016 
1200 UTC, 7/10 6,464 9,632 4,752 7,792 
0000 UTC, 7/11 8,960 7,856 9,728 13,152 
1200 UTC, 7/11 6,832 11,472 7,360 10,368 
0000 UTC, 7/12 9,328 7,648 8,368 12,048 
1200 UTC, 7/12 5,216 6,912 7,488 9,248 
0000 UTC, 7/13 9,936 10,704 9,104 10,208 
1200 UTC, 7/13 2,064 1,904 2,256 2,048 
0000 UTC, 7/14 1,872 3,184 3,472 5,424 
 
 
Table 20. The area (km2) in the vicinity of the CAFO emission locations with SO2 
concentrations exceeding 100 pptv above CTRL at the 850 mb level in all EXP 
simulations. 
 
850 mb 
EXPAVG 
(km2) 
EXP10 
(km2) 
EXP20 
(km2) 
EXP30 
(km2) 
0000 UTC, 7/08 8,448 7,968 8,768 8,832 
1200 UTC, 7/08 9,168 7,760 10,240 10,064 
0000 UTC, 7/09 5,680 6,496 4,368 8,496 
1200 UTC, 7/09 0 0 6,304 0 
0000 UTC, 7/10 3,936 3,824 3,088 5,616 
1200 UTC, 7/10 464 1,312 32 0 
0000 UTC, 7/11 12,256 12,048 8,176 12,800 
1200 UTC, 7/11 16 1,520 1,280 6,224 
0000 UTC, 7/12 2,560 9,040 9,968 12,368 
1200 UTC, 7/12 0 0 0 0 
0000 UTC, 7/13 2,640 1,872 2,928 5,408 
1200 UTC, 7/13 0 0 0 0 
0000 UTC, 7/14 2,416 48 1,936 1,280 
 
 
